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HIS Transactions volume contains 34 technical papers and 12 technical notes, each 
selected by the same high standards that have always characterized AIME publi- 
cations. Thus, this volume can rightfully take its place alongside previous volumes 
in what is increasingly becoming the chief technical reference literature on petroleum 


production. 


The year 1953 was marked as a year of increased service to members. To a greater 
extent than ever before, the petroleum local section has become the forum of 
technical men engaged in the drilling for and the production of petroleum. Six new 
AIME local sections of predominantly Petroleum Branch members were formed 
during the year. Inasmuch as the local section meetings provide the greatest oppor- 
tunity for active participation of the individual, the increase in the number of local 
sections has greatly enhanced member interest in the Institute. In recognition of the 
value of providing local forums for each group of members with a community of 
interests, the Board of Directors changed the Bylaws of the Institute during the year 
to permit more than one local section in a geographic area. Thus, for the first time, 
members of each branch may form local sections where dictated by their own needs. 
The effect has been one of stimulation to membership in the Institute. The Branch has 


received more applications for membership than in any year of its history. 


Indications of increased interest in the Petroleum Branch were also noted in connec- 
tion with the Fall Meeting in Dallas, Texas. There was unprecedented participation in 
the various technical sessions throughout the meeting. More technical papers, 
covering a wider range of production technology, were offered than could be 
accommodated on the program of the Fall Meeting. However, many of the papers 
which had to be omitted from the meeting program have been submitted for publica- 
tion. As this trend continues, the Journal of Petroleum Technology and the Trans. 


actions volume assume even greater importance to the members. 


The efforts of the Technology Committee and the Publications Committee are 
reflected in this volume. The many authors deserve special thanks for their contri- 


butions. It is confidently hoped that this volume will find a ready usefulness to the 


petroleum engineer. 


C. R. Hocotr, Chairman 
Petroleum Branch, 1953 


Houston, Texas 
January 1, 1954 
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EQUILIBRIUM CONSTANTS FOR A GAS-CONDENSATE 
SYSTEM 


A. E. HOFFMANN, J. S. CRUMP AND C. R. HOCOTT, MEMBER AIME, HUMBLE OIL AND REFINING CO., 
HOUSTON, TEX. 


ABSTRACT 


Planning of the efficient operation of a gas-condensate reser- 
voir requires a knowledge not only of the gross phase behavior 
of the system but also of the equilibrium distribution of the 
various components between the gas and condensate phases. 
This equilibrium distribution can be calculated with appro- 
priate equilibrium constants. In this paper are presented 
equilibrium constants determined experimentally for the oil 
and gas phases initially present in the same reservoir and for 
the gas and condensate phases of the gas cap material at a 
series of pressures below the original reservoir pressure. Also 
presented is a method for the correlation of the experimentally 
determined equilibrium constants. The utility of the correla- 
tion is demonstrated further by an example of its use in 
adjusting the equilibrium data to permit their application to 
another gas-condensate system of similar composition. 


INTRODUCTION 


Planning of the efficient operation of a gas-condensate reser- 
voir requires a thorouugh knowledge not only of the gross 
phase behavior of the particular hydrocarbon system but also 
of the equilibrium distribution of the various components 
between the gas and condensate phases. At the initial condi- 
tions of reservoir temperature and pressure, the original 
hydrocarbon materials in a gas-condensate reservoir or in the 
gas-cap of an associated reservoir exist in a single, homogene- 
ous vapor phase. However, some condensation of hydrocarbons 
to a liquid phase usually occurs in the reservoir as pressure 
declines incident to production. Because of this condensation, 
the produced gas changes composition continuously. The com- 
position of the produced gas, as well as that of the condensed 


1References given at end of paper. 

Manuscript received in the office of the Petroleum Branch, July 29, 1952. 
Paper presented at the Fall Meeting of the Petroleum Branch in Hous- 
ton, Oct. 1-8, 1952. 
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liquid, can be calculated from the composition of the original 
reservoir material through the application of appropriate equi- 
librium constants or “K”-values provided these values are 
known. 


Equilibrium constants have been used for many years in 
problems of surface separation of gas and oil and natural 
gasoline recovery. However, no satisfactory equilibrium data 
at reservoir conditions have been available for the higher boil- 
ing hydrocarbons which acquire abnormal volatility at high 
pressure and are therefore present in the gas phase in con- 
densate reservoirs. Early work in this field indicated that the 
behavior of the higher boiling hydrocarbons largely determines 
the behavior of gas-condensate systems at high pressure.’ 
Consequently, a portable test unit was designed to permit 
determination of the distribution of the heavier hydrocarbons 
between the gas and liquid phases of a gas-condensate system. 
This paper describes the test equipment and presents the 
results of an investigation of the reservoir fluids from an asso- 
ciated oil and gas reservoir in the Frio formation in Southwest 
Texas. Also presented is a method for correlation of the experi- 
mentally determined equilibrium constants, together with an 
example of the use of the method in adjusting these data for 
application to another gas-condensate system of similar 
composition. 


FIELD TESTING AND SAMPLING 


In order to determine the compositions of the reservoir 
fluids, field samples were secured from two different wells, one 
completed in the oil zone, and one completed in the gas cap. 

The oil well was completed through perforations in 5¥%-in. 
casing at a depth of 6,822-6,828 ft subsea. Pressure and tem- 
perature traverses made in the well indicated the pressure and 
temperature to be 3,831 psig and 201°F, respectively, at a 
depth of 6,828 ft subsea. Subsurface samples were taken from 
this well after a four-hour shut-in period. 


PETROLEUM TRANSACTIONS, AIME 1 


T.P. 3493 


FROM REAR OF TRUCK) 


(BACK VIEW OF UNIT FROM RIGHT SIDE OF TRUCK) © 


FIG. 1 — PORTABLE APPARATUS FOR GAS-CONDENSATE TESTING. 


The gas well was completed through perforations in 7-in. 
casing at a depth of 6,760-6,788 ft subsea. For testing, the well 
was placed on production and the rates of gas and condensate 
production were determined at frequent intervals with care- 
fully calibrated equipment. After the rates of production had 
become constant, samples of gas and liquid were taken from 
the separator. In addition to the conventional gas samples, 
separate portions of the gas were passed through charcoal 
tubes for adsorption and subsequent analysis of the butanes 
and heavier hydrocarbon content of the gas. 

At the time of sampling, the well was producing at a rate 
of 5,718 Mcf of gas and 162.8 bbl of separator liquid per day. 
The tubing pressure was 3,100 psig, and the separator pressure 
and temperature were 785 psig and 83°F, respectively. 
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At the conclusion of the sampling the well was shut in, and 
about 36 hours later pressure and temperature traverses were 
made in the well. The pressure and temperature were indi- 
cated to be 3,822 psig and 201°F, respectively, at a depth of 
6,788 ft subsea. 

For further testing of the gas well a specially designed 
portable test unit was used for the determination of the phase 
behavior and for the sampling incident to the determination of 
equilibrium constants at reservoir temperature at various 
pressures for the gas-cap material. 


PORTABLE TEST EQUIPMENT 


The portable equipment used in the investigation was de- 
signed for operation at pressures up to wellhead pressure and 
was constructed for 10,000 psi maximum working pressure. 
Oil baths are used for temperature control. They are heated 
with immersion heaters powered by a portable, gasoline engine 
driven, 2,500 watt, 110 volt, 60 cycle AC generator, which also 
provides power for stirrers, lights, and relays. All electrical 
equipment is provided with ample safty devices to minimize 
spark hazard. Insofar as possible, 18-8 stainless steel was used 
throughout the pressure system to reduce corrosion and for 
safety during low temperature operation. The equipment is 
assembled on an aluminum panel and framework equipped 
with rollers and mounted on a half-ton pickup truck. Photo- 
graphs of the unit are shown in Fig. 1. 

The test equipment consists essentially of two gas-liquid 
separators, together with auxiliary equipment for measuring 
the rates of gas flow and of liquid accumulation and for the 
sampling of each phase. A flow diagram of the equipment is 
shown in Fig. 2. The first separator, referred to as the high 
pressure separator, is operated at reservoir temperature at a 
series of pressures. The second separator, referred to as the 
low pressure separator, is usually operated at pressures and 
temperatures in the range of those of the field separator. The 
usual test procedure involves the operation of these separators 
in series, with the gas from the first separator flashed into the 
second separator. The heavy hydrocarbon fractions in the gas 
phase from the high pressure separator are condensed to the 
liquid phase in the low pressure separator. By this procedure, 
these heavy hydrocarbon fractions may be concentrated sufh- 
ciently to permit the securing of an adequate sample for an 
analysis of these fractions. From a composite of this liquid 
analysis with that of the gas leaving the low pressure separator, 
an extended analysis can be obtained of the gas leaving the 
high pressure separator. Such a complete analysis is not 
possible with conventional gas samples or charcoal samples. 


TESTING AND SAMPLING GAS-CAP MATERIAL 


The method used in obtaining a continuous representative 
sample of the well stream is essentially that described by 
Flaitz and Parks.* By this method an aliquot of the well 
stream is obtained through a special line sampler inserted in 
the flow line near the well head. For accurate testing it is 
essential that the well be producing at a rate sufficient to pre- 
vent accumulation of liquid in the tubing and to insure 
homogeneous flow. The proper sampling rate is determined by 
by-passing the high pressure separator, operating the low 
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FIG. 2—FLOW DIAGRAM, PORTABLE APPARATUS FOR GAS-CONDENSATE 
TESTING. 


pressure separator of the test unit at the same temperature 
and pressure as the field separator, and varying the sampling 
rate until the two separators yield identical gas/liquid ratios 
and identical gravities for the separator liquids flashed to 
atmospheric pressure. 

During testing, the sampled aliquot passes through 3/16 in. 
OD stainless steel tubing to the first heater, where the fluids 
are restored to reservoir temperature, and then is flashed into 
the high pressure separator maintained at reservoir tempera- 
ture and the desired pressure. The gas from the high pressure 
separator is further flashed into the low pressure separator, 
and the gas off this separator is measured. In this study, the 
high pressure separator was operated successively at pres- 
sures of 2,900, 2,500, 2,000, 1,500, 1,000, and 500 psig. The 
low pressure separator was maintained at approximately 250 
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the rates of production of gas and liquid in each separator. 
These measurements were used to determine the phase behav- 
ior of the system. Data on the gas/liquid ratios and the density 
of the separator liquid are presented in Table 1. These data, 
presented as condensate/gas ratio as a function of pressure, 
are shown in Fig. 3. The data were extended to a dew point of 
3,822 psig on the basis of laboratory measurements. 


At each of the selected conditions approximately three liters 
of liquid were obtained from each of the separators for labora- 
tory examination. Conventional gas samples were also obtained 
from the low pressure separator. In addition, separate portions 
of the gas from the low pressure separator were passed through 
characoal tubes for the adsorption and subsequent analysis 
of the butanes and heavier hydrocarbons. 


LABORATORY EXAMINATION OF SAMPLES 


Subsurface Oil Sample 


Laboratory examination of the subsurface oil samples indi- 
cated the reservoir oil to have a saturation pressure of 3,825 
psig at 201°F and a specific volume at those conditions of 
0.02401 cu ft per lb. The gas/oil ratio of the reservoir oil when 
flashed to atmospheric pressure at 77°F was 910 cu ft/bbl 
of residual oil corrected to 60°F. The corresponding residual 
oil volume was 0.678 volume corrected to 60°F per volume of 
saturated oil at 3,825 psig and 201°F. 


The hydrocarbon analysis of the subsurface oil sample is 
presented in Table 2. A low temperature Podbielniak appara- 
tus was used for the analysis of the low-boiling fractions up 
to and including n-pentane. A “hypercal” (high temperature ) 
distillation was used as a basis for extending the analysis to 
include the hydrocarbon fractions heavier than pentane. The 
procedure followed in the application of the hypercal distilla- 
tion data to the distribution of the heavier fractions was as 
follows: The boiling points, specific gravities, and molecular 
weights of approximately two per cent cuts were plotted 
against the volume distilled. The distillation curve was then 
divided arbitrarily into fractions with mid-boiling points 
roughly equivalent to those of the respective normal paraffin 
hydrocarbons. Thus, from the volume, average molecular 
weight, and specific gravity of each fraction, the higher boiling 
hydrocarbons were divided into an equivalent series of indi- 


psig and 80°F. At each pressure, measurements were made of | 2° | 
= S | Reservoir Temperature : 201 °F. 
+- 
Table 1— Phase Behavior of Gas-Condensate System 
Separator Temperature: 201°F 
s to: 
psig cu ft/bbl bbl/MMcf g/cucm Pare 
2,900 110,264 9.07 0.6565 2 a 
2,500 80,406 12.44 0.6536 Or 
2,000 64,279 15.56 0.6538 ean 
1,500 0 1000 2000 3000 4000 
1,000 : SSURE: P.S.1.G 
500 66,293 15.08 0.7209 
FIG. 3 — EFFECT OF PRESSURE ON CONDENSATE FORMATION. 
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Table 2— Hydrocarbon Analyses of Reservoir Fluids 


Reservoir Gas 


Reservoir Oil 


Liquid Liquid 
Density Molec- Density Molec- 
g/cu cm ular g/cu cm ular 
Component. Mol % at 60°F Wt. Mol % at 60°F wt. 
Methane 52.00 91.35 
Ethane 3.81 4.03 
Propane 
Tso-butane 0.76 0.39 
N-butane 0.96 0.43 
Tso-pentane 0.69 0.15 
N-pentane 0.51 0.19 
Hexanes 2.06 0.39 
Fraction 7 2.63 0.749 99 0.361 0.745 100 
Fraction 8 2.34 0.758 110 0.285 0.753 114 
Fraction 9 2.35 0.779 121 0.222 0.773 128 
Fraction 10 2.240 0.786 132 0.158 0.779 142 
Fraction 11 2.412 0.798 145 0.121 0.793 156 
Fraction 12 2.457 0.812 158 0.097 0.804 170 
Fraction 13 2.657 0.826 eZ 0.083 0.816 184 
Fraction 14 3.262 0.846 186 0.069 0.836 198 
Fraction 15 3.631 0.854 203 0.050 0.840 212 
Fraction 16 2.294. 0.852 222 0.034 0.839 226 
Fraction 17 1.714 0.838 238 0.023 0.835 240 
Fraction 18 1.427 0.846 252 0.015 0.850 254 
Fraction 19 1.303 0.851 266 0.010 0.865 268 
Fraction 20 1.078 0.871 279 0.006 0.873 282 
Fraction 21 0.871 0.878 290 0.004 0.876 296 
Fraction 22 0.715 0.884 301 0.002 0.878 310 
Fraction 23 0.575 0.889 315 
Fraction 24 0.481 0.893 329 
Fraction 25 0.394 0.897 343 
Fraction 26 0.335 0.900 357 
Fraction 27 0.280 0.903 371 
Fraction 28 0.250 0.906 385 
Fraction 29 0.232 0.908 399 
Fraction 30 0.195 0.910 413 
Fraction 31 0.170 0.912 427 
Fraction 32 0.156 0.914 44) 
Fraction 33 0.143 0.916 455 
Fraction 34 0.130 0.917 469 
Fraction 35 0.118 0.918 483 
Total 100.000 100.000 


vidual hydrocarbons. This procedure was applied in extending 
the analyses of all liquid samples reported in this paper. 


Field Separator Samples 


Hydrocarbon analyses were made of the gas and liquid 
samples and of the contents of the charcoal samples obtained 
from the field separator. A detailed description and discussion 
of the technique involved in the analysis of such samples have 
been given by Buckley and Lightfoot.’ 

The composition of the produced gas-cap material was com- 
puted from the analyses of the separator samples by composit- 
ing on the basis of the produced ratio of 35,120 cu ft of 
separator gas per bbl of separator liquid. This composition, 
together with the average molecular weights and_ specific 
gravities of the heavier fractions, are also presented in Table 2. 


Laboratory measurements at 201°F on a composite sample 
of the separator gas and liquid, recombined in accordance 
with their produced ratio, indicated the dew point of this gas- 
condensate system to be approximately 3,822 psig. This is in 
agreement with the measured shut-in pressure of the gas cap 
and compares favorably with the saturation pressure of 3,825 
psig for the reservoir oil. 


Portable Test Equipment Samples 


Hydrocarbon analyses were made of the liquid samples 
obtained from the high pressure separator of the portable 
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test unit when operated at reservoir temperature and succes- 
sively at pressures of 2,900, 2,500, 2,000, 1,500, 1,000, and 500 
psig. Also, hydrocarbon analyses were made of the companion 
gas and liquid samples and of the contents of the charcoal 
samples obtained from the low pressure separator when oper- 
ated in series with the high pressure separator at each of the 
above pressures. From the analyses of both gas and liquid 
samples from the low pressure separator, extended composite 
analyses were obtained of the equilibrium gas from the high 
pressure test separator at each of the above pressures. The 
compositions of the equilibrium gas and liquid from the high 
pressure separator at the various pressures are reported in 


Table 3. 


CORRELATION OF EXPERIMENTAL DATA 


The accuracy with which analyses can be made of the 
composition of the equilibrium phases has generally necessi- 
tated the use of correlation procedures to smooth the scatter 
of the data and to develop from the data mutually consistent 
equilibrium constants. The procedure presented here was 
developed some years ago by S. E. Buckley and has proved 
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Table 3— Hydrocarbon Analyses of Test Samples 
: Separator Temperature: 201°F 

Component Mol'% % Mol % % Mag Me Maa Mae 
Methane 91.65 46.45 92.05 41.16 92.18 34.19 92.00 aoe, 91.89 19.55 92.09 10.43 
Ethane 4.17 4.36 4.01 3.92 4.03 3.62 4.11 3.56 4.25 2.96 4.02 2.09 
Propane 1.56 2.86 1.53 2.71 1.57 2.87 1.60 2.89 1.66 2.59 1.56 1.97 
Iso-butane 0.33 0.93 0.33 0.94. 0.34 1.02 0.35 1.09 0.35 0.99 0.35 0.75 
N-butane 0.47 1.25 0.43 32 0.44 1.55 0.46 1.70 0.46 1.66 0.44 1.30 
Iso-pentane 0.16 0.90 0.18 1.04. 0.15 0.97 0.16 1.09 0.16 0.98 0.14 0.65 
N-pentane 0.19 0.65 0.17 0.67 0.17 1.06 0.19 IES 0.19 1.20 0.20 1.15 
Hexanes 0.38 3.14 0.37 3.07 0.33 3.65 0.37 4.50 0.37 4.47 0.36 4.24 
Fraction 7 0.301 3.69 0.278 5.48 0.238 5.34 0.260 7.03 0.238 6.39 0.312 7.88 
Fraction 8 0.228 3.81 0.218 5.08 0.191 6.09 0.213 e32, 0.183 8.27 0.235 9.29 
Fraction 9 0.167 3.56 0.154 4.32 0.142 5.62 0.127 6.84 0.115 9.20 0.156 8.83 
Fraction 10 0.119 3.099 0.101 4.035 0.089 5,242 0.069 6.211 0.063 8.927 0.073 8.553 
Fraction 1] 0.089 2.978 0.067 3.975 0.052 5.245 0.038 5.674 0.031 7.934 0.035 8.178 
Fraction 12 0.061 3.085 0.043 4.071 0.030 5.226 0.024 5.238 0.017 6.424 0.018 7.839 
Fraction 13 0.045 3.557 0.026 4.673 0.019 4.971 0.015 5.182 0.010 aye er 0.009 7.603 
Fraction 14 0.034. 4.452 0.019 4.644 0.013 4.718 0.009 4.690 0.007 4,217 0.002 6.719 
Fraction 15 0.022 3.302 0.015 3.156 0.009 3.133 0.005 3.081 0.004. 3.067 4.519 
Fraction 16 0.014 2.063 0.009 1.979 0.005 1.861 1.923 0.002 2.037 2.776 
Fraction 17 0.010 1.453 1.364 0.002 1.249 1.064 1.327 1.813 
Fraction 18 1.191 1.023 0.832 0.811 0.914. 1.246 
Fraction 19 1.001 0.718 5.583 0.629 0.642 0.857 
Fraction 20 0.856 0.509 0 432 0.421 0.493 0.593 
Fraction 21 0.742 0.143 0.307 0.350 0.316 0.372 
Fraction 22 0.621 0.221 0.236 0.265 0.239 
Fraction 23 0.113 
Total 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 190.000 100.000 

Table 4— Values of 6 { ——— } for 201°F 
P, 

Boiling 1 Critical 1 Critical Smoothed ( 1 1 ) 

Point Temperature Pressure Values ? 

Hydrocarbon A’ Te psia b* by T, T 

Methane 201.01 0.0049749 343.3 0.0029129 673.1 805 805 2.786 

Ethane 332.16 0030106 549.77 0018189 708.3 1,412 1,412 2.114 

Propane 415.96 0024041 665.95 .0015016 617.4 1,799 1,799 1.602 

Iso-butane 470.58 .0021250 734.65 .0013612 529.1 2,037 2,037 1.245 

N-butane 490.79 .0020375 765.31 .0013067 550.7 2,153 2,153 1.128 

Iso-pentane 541.82 .0018456 829.8 .0012051 483. 2,368 2,368 0.786 

N-pentane 556.62 .0017966 845.60 .0011826 489.5 2,480 2,480 0.702 

N-hexane 615.42 .0016249 914.1 0010940 439.7 2,780 2,780 0.309 

N-heptane 668.86 .0014951 972.31 .0010285 396.9 3,068 3,068 —0.057 

N-octane 717.89 0013930 1,024.9 0009757 362.1 3,335 3,335 —0.402 

N-nonane 763.12 .0013104 1,071. .0009337 seul 3,590 3,590 —0.729 

N-decane 805.11 .0012421 1,114. 0008977 306. 3,828 3,828 —1.039 

N-undecane 844.27 .0011845 .0008681 282. 4,055 4,055 = 

N-dodecane 880.99 .0011351 1,186. 0008432 263. 4,291 4,29] —1.624 

N-tridecane 915.54 0010923 1,219. -0008203 250. 4,524 4,500 —1.896 

N-tetradecane 948.15 .0010547 E2518 .0007994. 230. 4,678 4,715 —2.164 

N-pentadecane 979.02 .0010214 1,278. .0007825 220. 4,919 4,919 —2.421 

N-hexadecane 1,008.38 .0009917 1,305. .0007663 200. 5,030 5,105 —2.664 

N-heptadecane 1,036.30 .0009650 1,323. .0007559 190. 5,315 5,290 —2.902 

N-octadecane 1,062.97 .0009408 1,350. 0007407 180. 5,440 5,470 —3.133 

N-nonadecane 1,088.48 0009187 1,368. .0007310 170. 5,664 5,630 —3.349 

N-eicosane 1,112.91 .0008986 1,395. .0007 169 160. 5,706 5,790 —3.561 

N-heneicosane 1,136.34 .0008801 5,945§ —3.766 

N-docosane 1,158.8¢ .0008630 6,095§ —3.965 


(log P,,—log 14.7) 
*Computed from relation b = 


+Values of b for normal hydrocarbons smoothed by plot of 6 vs number of carbon atoms. 

tEstimated from extrapolation of boiling point data. 

§Estimated from extrapolation of plot of b vs number of carbon atoms. 

NOTE: Physical constants of hydrocarbons taken from publications released by API Research Project 44. 
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Table 5—Smoothed Values of KP at 201°F 
eee psig: 3,822 2,900 2,500 2,000 1,500 1,000 500 
M 6,750 5,751 5,623 5,432 5,100 4,769 4,544 
Bene 3,740 2,790 2,510 2,170 1,800 1,515 1,260 
Propane 2,420 1,620 1,375 1,100 840 650 Ee 
Iso-butane 1,790 1,130 907 682 495 360 5 
N-butane 1,610 990 790 582 414 295 ee 
Iso-pentane 1,200 690 525 367 247 165 oe - 
N-pentane 1,110 630 472 323 217 142 : 
Hexanes 795 415 298 190 120 74.1 43.3 
Fraction 7 582 283 192 118 69.7 40.3 21.9 
Fraction 8 434 197 128 74.3 41.5 22.5 1S) 
Fraction 9 326 139 87.0 47.6 Doel 13.0 6.23 
Fraction 10 250 101 60.3 ole 1537. Hd 3.50 
Fraction 11 193 TS 42.6 Patel! 10.1 4.72 2.00 
Fraction 12 153 54.7 30.7 14.7 6.65 2.96 1.19 
Fraction 13 122 41.3 WS} 10.2 4.47 1.89 0.730 
Fraction 14 96.5 31.2 16.4 7.20 3.02 22 0.445 
Fraction 15 74.7 23.3 11.9 4.96 2.00 0.780 
Fraction 16 59.5 18.2 9.05 3.64 0.527 
Fraction 17 47.1 14.5 ele 
Fraction 18 37.9 
Fraction 19 30.2 
Fraction 20 23.8 
Fraction 21 19.4 
Fraction 22 15.1 


very satisfactory. In this procedure, the data are smoothed by 
plotting for each hydrocarbon the log of the product KP (the 
equilibrium constant times the absolute pressure) against a 


function o/ pena): where 6 is a constant, characteristic 
B 
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FIG. 5 — EXPERIMENTALLY DETERMINED K-VALUES AT 201°F. 
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of the particular hydrocarbon, 7, is its boiling point in °R, 
and T is the temperature in °R. It has been found empirically 
that for the equilibrium between a gas and a liquid at any 
given pressure, the logarithms of the KP products for the 
individual hydrocarbons so plotted yield reasonably straight 


lines against the function o/ aoe In Fig. 5 the KP 
B 


products obtained from the experimental data are plotted 
against this function. On the whole, the relationship drawn to 
define the behavior of the KP products represents the experi- 
mental data well within the limits of reproducibility. 


*The basis for this method of correlation is as follows: 


1. There is an analogy between the product KP and the pure liquid 
vapor pressure of a dissolved component.® 


2. The logarithms of the vapor pressures of pure substances when 
plotted against the reciprocal of the absolute temperature yield approxi- 
mately straight lines over reasonable temperature intervals. 


3. The vapor pressures of pure hydrocarbons on a conventional Cox 
chart* converge to a common point of intersection. 


These facts have long been known. Although the Cox chart has a tem- 
perature scale that differs slightly from — the convergence of the vapor- 


pressure lines suggests that they might be rotated into a single line by 
appropriate changes in slope, which can be done by employing a single 
constant for each line. This approach was therefore employed to construct 


p 
a single vapor-pressure curve for all hydrocarbons by plotting log —— 


1 1 
vs b —_—-— ) , where b is the factor required for each hydrocarbon to 

rotate its vapor-pressure curve to the commou line. This vapor-pressure 
curve is shown in Fig. 4. This single line was found to represent the vapor- 
pressures of hydrocarbons with reasonable accuracy over a substantial 
temperature range. 


Values of the required constant b may be computed from the vapor pres- 
Pp 1 
sures at any two temperatures from the equation log =6 
T, T, 
Experience has indicated that values of b computed from the critical pres- 
sures and temperatures and the normal boiling points are satisfactory 
for correlation purposes for most condensate reservoirs. Values of b 
calculated in this manner for the various hydrocarbons are presented in 
Table 4. Values for the high molecular weight hydrocarbons were deter- 
mined from a smooth curve of a plot of b vs number of carbon atoms in 
the molecule. 


The aforementioned analogy between KP and vapor pressure led then 
| 
to the correlation technique of plotting log KP vs b —-— for the 


various components of an equilibrium mixture of oil and gas. 
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Table 6 — Hydrocarbon Analysis of Upper Reservoir 


Gas 
Liquid Density Molecular 

Component Mol % g/cucm at 60°F Weight 
Methane 90.74 

Ethane 4.35 

Propane 1.69 

Iso-butane 0.36 

N-butane 0.54 

Tso-pentane 0.20 

N-pentane 0.21 

Hexanes 0.42 

Fraction 7 0.419 0.741 100 
Fraction 8 0.292 0.752 114 
Fraction 9 0.245 0.770 128 
Fraction 10 0.167 0.775 142 
Fraction 1] 0.116 0.783 156 
Fraction 12 0.090 0.793 170 
Fraction 13 0.067 0.807 184 
Fraction 14 0.049 0.835 198 
Fraction 15 0.028 0.837 212 
Fraction 16 0.014 0.843 226 
Fraction 17 0.003 0.847 240 

Total 100.000 


The smoothed values of KP taken from the above plot are 
presented in Table 5. These data are further presented in 
Fig. 6 as a cross plot of KP against pressure at reservoir tem- 
perature. Where possible, the data have been extended below 
500 psig by extrapolation to the vapor pressures of the par- 
ticular hydrocarbons at 201°F. 


SELECTION OF EQUILIBRIUM CONSTANTS 
FOR ANOTHER RESERVOIR 


To determine the utility of the above correlation in develop- 
ing equilibrium constants for another gas-condensate system of 
similar composition, a second reservoir in the same Southwest 
Texas field was selected for investigation. On a production 
test, this reservoir produced gas and condensate at a rate of 
36,199 cu ft/bbl of separator liquid from a well completed 
at a depth of 6,200 to 6,205 ft subsea. During testing, the field 
separator was operating at a pressure of approximately 780 
psig and a temperature of 73°F. The reservoir pressure and 
temperature were 3,117 psig and 189°F, respectively. The 
composition of the reservoir material was obtained from anal- 
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FIG. 6— EFFECT OF PRESSURE ON K-VALUES AT 201°F. 


yses of field separator gas and liquid samples in the same 
manner as that described above. This composite hydrocarbon 
analysis is presented in Table 6. A dew-point determination 
on a composite sample of separator gas and liquid recombined 
in accordance with their produced ratio was also made in the 
laboratory. This dew point was indicated to be approximately 
3,117 psig, the reservoir pressure at the time of sampling. 

In order to select equilibrium constants appropriate for this 


reservoir, the function o/ a7) was computed for each 


Table 7—Smoothed Values of KP at 189°F 


Pressure, psig: 2,900 2,500 2,000 1,500 1,000 

Component KP: psia 

Methane 5,580 5,450 5,220 4,860 4,550 4,310 
Ethane 2,690 2,410 2,070 Teal 1,430 1,190 
Propane 1,540 1,290 1,030 782 595 447 
Iso-butane 1,055 845 630 455 325 228 
N-butane 925 730 535 377 265 180 
Iso-pentane 640 482 333 223 147 94.0 
N-pentane 585 437 298 196 127 79.5 
Hexanes 383 272 173 107 65.3 37.8 
Fraction 7 258 175 105 61.5 35.0 18.7 
Fraction 8 178 114 65.4 36.1 19.2 9.62 
Fraction 9 125 77.0 41.7 PANT Ee 5.20 
Fraction 10 90.0 53.3 Dee, 13.5 6.50 2.87 
Fraction 11 65.0 872 18.0 8.60 3.90 1.61 
Fraction 12 47.5 26.1 12.2 5.47 2.36 0.930 
Fraction 13 35.4 18.8 8.35 3.59 1.48 0.555 
Fraction 14 26.5 13.7 Silas 2.39 0.945 0.332 
Fraction 15 20.1 10.0 4.08 1.61 0.610 0.204 
Fraction 16 15.5 7.45 2.9] LUT 0.402 0.128 
Fraction 17 11.9 5.60 2.10 0.770 0.269 0.0810 


Vol. 198, 1953 


PETROLEUM TRANSACTIONS, AIME 


SSS {Carbon Atoms | 
| 
| 

500 = i = | | 

Reservoir Press 3827 

LE | 

| 

| 

7 


T.P. 3493 
10,000 t { Carbon Atoms 
5000 = | 
— 
=> 5 = 
al 
= 
15 
a 
Reservoir Press.: 3117 
5 
fh 
Reservoir Temperature. 189° F. 
= 
05 
/ 
T 
Ol 
ce) 1000 2000 3000 
PRESSURE 
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component of the system at a temperature of 189°F, the reser- 
voir temperature. Then, using the graph in Fig. 5, KP products 
for each hydrocarbon were determined at the corresponding 


KP products are presented in Table 7. These data are illus- 
trated in Fig. 7 in a plot of KP against pressure for each 
component of this particular hydrocarbon system. The points 


indicated on the graph at each pressure are those determined 
from Fig. 5 for that pressure. 


from the curves at the various pressures. These 


At pressures above 2,500 psig the curves were extended to 
3,117 psig by trial and error in such a manner as to satisfy 
dew-point conditions. The differences between the extended 
curves and the points shown at 2,900 psig indicate the adjust- 
ment in the smoothed experimental data required for applica- 
tion to the reservoir fluids in the second reservoir. The extent 
of this deviation is such that no adjustment appears necessary 
at pressures lower than 2,500 psig, and the corresponding 
equilibrium constants should be satisfactory for computations 
of the phase behavior of this gas-condensate system. 


Although calculations made with equilibrium constants 
correlated in this manner have not been checked by following 
the actual depletion of a gas-condensate reservoir, comparisons 
of such computations with depletion-type experiments on 
recombined samples in the laboratory have yielded results 
that appeared to be entirely adequate. 


It should be pointed out that the method of correlation pre- 
sented here is designed solely for the correlation of equilib- 
rium constants for a particular system. Since it is well known 
that equilibrium constants, particularly at high pressure, are 
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quite sensitive to composition, it is obvious that the particular 
equilibrium constants presented in this paper would not be 
applicable to another gas-condensate system of substantially 
different composition. In no sense are they offered as being 
generally applicable. The method of correlation, however, as 
distinct from the particular equilibrium constants, is one that 
has been found useful for many gas-condensate systems cover- 
ing a wide range of compusition. For each system experimental 
data are required for that particular system. For the smoothing 
of and detection of errors in analyses of equilibrium mixtures, 
the method has been rather rigorously tested. The limits to 
which the method can be employed to extend equilibrium con- 
stants for a particular system into regions of temperature and 
pressure beyond those experimentally employed have not been 
fully determined. 
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DISCUSSION 


By Fred H. Poettmann, Phillips Petroleum Co., Bartlesville, 
Okla., Junior Member AIME 

The authors have made an excellent contribution by making 
available equilibrium data at reservoir conditions of the high 
boiling hydrocarbon fractions in a gas-condensate system. It 
is the high boiling hydrocarbon fractions which have the 
greatest effect in calculating the dew point of a gas condensate 
system, and the more information we have on these fractions, 
the more accurate will be our predictions. The procedure used 
by the authors for obtaining equilibrium vaporization ratios 
for the high boiling fractions is very good. 

We shall divide our discussion of the authors’ correlation 
procedure into two parts, (1) the origin of the correlation, and 
(2) the authors’ application of the correlation. 

The relationships used by the authors in correlating their 
equilibrium vaporization ratios can be found in any good text 
on thermodynamics. Equation (1) can be derived assuming 
only ideal solutions in the vapor and liquid phases. 


H 
R 


where 


AH = heat of solution of component 
R = gas constant 


T, = normal boiling point of component in degrees 
Rankine 


T = equilibrium temperature degrees Rankine 


The relationship used in Equation (2) is that employed by 
the authors. In addition to the assumption of ideal solutions 
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in the vapor and liquid phases, the added assumption of the 
vapor being a perfect gas was also made in its derivation. 


KP 


eal 
In =b{ —-— ; (2) 
14.7 
where 
L 
b=— 
R 
psia 
L = heat of vaporization of the component as a pure 
material 


R = gas constant 
Thus a plot of In KP vs 


(Ge 
will serve as a generalized correlation for K data at any 
temperature, pressure, and component for any system under 
conditions in which the relationship of the components in that 
system are compatible to the assumptions made. As expected, 
this has been found to be true for only very limited ranges 

of temperature and pressure for systems we have considered. 

Fig. 1 shows K’s for high boiling hydrocarbon fractions 
correlated in this manner.’ Fig. 2 shows Roland, Smith, and 
Kaveler’s condensate K’s, and Fig. 3, Katz and Hackmuth 


K’s.”° For pressures higher than those shown on the diagrams, 
the correlation fails completely. We feel that Equation (1), 


where b’ is determined from experimental K data should give 
a slightly better correlation than the case used by the authors 
where b is determined from the vapor pressures of the com- 
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ponents in the pure state. In neither case, will the K data 
correlate in the range of high temperatures and pressures 
which include retrograde behavior. 


In the application of the correlation, the authors first justify 
the use of the correlation as a means of smoothing their experi- 
mental data. The authors’ Fig. 5 is restricted to a constant 
temperature, the reservoir temperature. The variables on this 
plot are K, P, and T,, b is not an independent variable, but 
a function of 7;, only. The petroleum industry has for years 
correlated K’s at constant temperature by simply plotting 
In K or In KP vs the normal boiling point for lines of con- 
stant pressure. Fig. 4 is a plot of three of the constant pres- 
sure lines shown on the authors’ Fig. 5. The curves are identi- 
cal to those shown on the authors’ Fig. 5. The experimental 
data are also indicated. We cannot see any advantage of using 
the authors’ correlation as a means of smoothing K data at 
constant temperature. 


In extending equilibrium vaporization ratios to another 
temperature, the authors actually use the correlation as a 
general method for obtaining K data. This procedure will give 
reasonable results at low pressures and temperatures but, as 
stated previously, at high temperatures and pressures, and 
especially in the region of retrograde behavior, the K data will 
not correlate. The authors warn that the procedure should not 
be applied to widely different conditions of temperature and 
composition. This warning is well taken. Fig. 5 gives an indi- 
cation of what can occur if the temperature variation alone 
is too large. It is a plot of 


In KP vs b oe 
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EQUILIBRIUM CONSTANTS FOR A GAS-CONDENSATE SYSTEM 


at 3,000 psia and 150, 201, and 250°F. The data were obtained 
from the condensate system of Roland, Smith, and Kaveler.’ 
Fig. 5 shows that the K data do not correlate as a single curve 
at 3,000 psia and 150, 201, and 250°F. Tabulated below are 
the differences in the actual values of K at 250°F and K values 
at 250°F adjusted from the 201°F curve, all taken at 3,000 
psia. Only K values of methane through pentane were 
compared. 


Adjusted from — Ks» Per Cent 
Component 201°F Actual Deviation Deviation 
& 2.10 2102 +0.08 + 3.96 

CG 1.14 1.04 +0.10 

G; 0.62 +0.11 

C, 49 0.40 +0.09 


As can be seen, the higher the boiling point, the greater the 
percentage deviation in the K value. 
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PERMANENT-TYPE WELL COMPLETION 


T. A. HUBER AND G. H. TAUSCH, HUMBLE OIL AND REFINING CO., HOUSTON, TEX., MEMBERS AIME 


ABSTRACT 


Very encouraging progress has been made in the develop- 
nent of the permanent-type well completion which decreases 
considerably the cost of completions and workovers and aids 
in the acquisition of reliable reservoir information at low cost. 
Completion and remedial operations are performed with tools 
which pass through the well tubing. Perforating and plug- 
back operations can be done with the tubing in place and do 
not require pipe-handling equipment. 


Because of the many advantages afforded by this method, 
development work is going forward in anticipation of ulti- 
mately being able to use it to perform all usual well 
completion and workover operations. Effort is also being 
directed to the development of a more permanent type of lift 
equipment suitable for use with the permanent-type well 
completion. 


INTRODUCTION 


The permanent-type well completion is one in which the 
tubing and well-head are set in place only once in the life of 
the well and the completion or remedial work is performed 
through the tubing with a tubing-type perforator, a retrievable 
tubing extension, and other wire-line tools. This new type 
completion has made possible the saving of one to two days’ 
rig time in the completion of each of several hundred wells 
during the past two years, and use of equipment developed 
for this type of completion has resulted in a 75 per cent 
reduction in costs of certain types of workovers. In addition, 
the more reliable indication of the commercial value of a 
reservoir and the more accurate general reservoir information 
made possible promise to be of even greater value in oil recoy- 

- ery than the reduction of costs for completions and workoyers. 


Recently, several wells were worked over by using the 
retrievable tubing extension suspended on a swab line to plug 
back with cement and then perforating a higher producing 
interval with the tubing-type perforator, thus opening the way 
for complete through-the-tubing workovers which may be per- 
formed without pipe-handling equipment or mud. Those items 
attendant to the use of pipe-handling equipment and mud, 
such as board matting, rig substructure, and pits, were also 
eliminated. 


There are indications that the elimination of drilling mud 
during completion and workover operations will frequently 
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give increased well productivity, as plugging of the perfora- 
tions will not occur. 

It is now possible to perforate selectively small sections of 
the producing interval and to test a well through these sections 
prior to perforating more interval. The perforating of addi- 
tional interval will not entail the costly operations of killing 
the well and pulling tubing, nor will the old or the new per- 
forations be plugged. The productivity of small sections of a 
reservoir and the actual gas-oil or oil-water contacts may now 
be determined economically under flowing conditions. Selective 
completions can be made in this manner to delay gas and 
water problems and bring about maximum oil recovery. 


At the present time, gas lift appears to offer the greatest 
potentialities for artificial lift in the permanent-type well com- 
pletion since it can provide full-open tubing to accommodate 
the through-the-tubing tools and it may be ultimately devel- 
oped into a fairly permanent type of lift. With present-day 
gas-lift equipment, valve or mandrel failure necessitates occa- 
sional removal of the tubing, thereby reducing to some extent 
the permanence of the completion. New gas-lift valves are now 


FIG. 1 — PERMANENT-TYPE WELL COMPLETION. 
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being tested, however, which will decrease the number of or 
eliminate tubing pulling operations. 

Recent advances and successes in corrosion control no longer 
make tubing and casing corrosion a serious detriment to 
permanent-type well completions. 


EQUIPMENT FOR PERMANENT-TYPE WELL 
COMPLETION 


Tubing-Type Perforator 


The first tool specifically designed for permanent-type well 
completion was the tubing-type perforator.. The use of this 
small perforator in a permanent well setting is shown in Fig. 1. 
The tubing-type perforator presently used is 134 in. OD and 
employs five jet charges per ft. These jet charges fire at an 
angle of approximately 45° above horizontal and are contained 
in a self-destructible aluminum carrier, as shown in Fig. 2. 
While the 134 in. OD aluminum tubing-gun carrier may be used 
safely with hydrostatic heads up to 4,000 psi, the 1.9 in. OD 
aluminum carrier can be used to 9,000 psi, and the 134 in. 
OD brass carrier may be used to 7,000 psi. Since the gun 


— EXPENDABLE 
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FIG. 2 — TUBING-TYPE GUN PERFORATOR. 
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carrier is self-destructible, the gun may be of any convenient 
length desired. The longest continuous interval thus far per- 
forated with one gun was 31 ft and the gun contained 155 
shots. 

The tubing-type perforator has been used several hundred 
times with excellent results. This small gun has been used 
successfully in the following cases: 

51%-in. casing inside of 8°4-in. hole, 

7-in. casing inside of 95%-in. hole, 

3%-in. liner inside of 54%-in. hole, 

4-in. liner inside of 9-in. hole 

5-in. liner inside of 1014-in. hole, 

3-in. liner inside of 514-in. hole, and 

2-in. tubing cemented inside of 5-in., 18-lb liner cemented 

inside of 714-in. hole. 

The tubing-type perforator has proved to have sufficient 
penetration in all the above-mentioned cases although this gun 
was primarily designed for 514-in. or smaller casing. The 
perforation produced is elliptical in shape, approximately 
three-eighths by one-quarter in., which is a somewhat larger 
hole than is made by some larger jet guns in present use. 

Laboratory work is now being conducted on larger jet 
charges for use in a tubing gun to be run through 2'%-in. 
tubing. The larger gun should have 25 to 30 per cent more 
penetrating ability than the 134-in. OD gun and will probably 
operate in pressures up to 4,000 psi. 

The tubing-type perforator has been run on standard 7/16- 
in. monocables from standard shooting trucks but experiments 
are being conducted with a small panel shooting truck and a 
3/16-in. standard steel single-conductor line. In its present 
stage of development, some items of this small equipment 
have limitations in depth of use and the overall setup should 
be limited to depths to 8,000 ft. 

A magnetic casing collar locator is run with the perforator 
and is capable of locating the landing nipple, packer, end of 
the tubing, casing collars, top of the liner if present, and flush 
joint liner collars. Fig. 3 shows two typical casing-collar logs. 
One example illustrates the characteristic deflections produced 
by drillable aluminum joints contained in the liner. The collar 
locator and firing head are four ft in length, and, since the 
gun is self-destructible, the lubricator necessary to withdraw 
the collar locator and firing head need be only four ft in length, 
making possible the use of short handling equipment. Gin pole 
trucks and swab units have been used to support the sheave 
for the shooting line when completing wells with the tubing- 
type perforator, allowing the drilling rig to be moved sooner. 

With the tubing-type perforator, it is possible to perforate 
additional producing interval without removal of the tubing 
and without placing a rig on the well. With improvements in 
running the tubing-type perforator under pressure, it will be 
possible to perforate a small portion of the producing interval 
to facilitate the acquisition of accurate reservoir information; 
and, by perforating additional portions of the producing zone, 
the correct location of the oil-water or gas-oil contacts may be 
determined. The perforation of a well with the tubing in place 
and the removal of the drilling rig without pressure on the 
wellhead are safety features to be considered. 


Retrievable Tubing Extension 


The currently used retrievable tubing extension is con- 
structed of extra heavy 144-in. pipe with 134-in. tool joints. It 
is lowered into place at the bottom of the stationary tubing 
string to give in effect a variable depth of tubing bottom, 
making possible the cementing of a producing interval without 
a drilling rig. A 9/16-in. stranded swab line on a standard 
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FIG. 3 — TUBING-TYPE COLLAR LOCATOR LOGS. 


swab truck has been used to lower the tubing extention into 
wells; however, small swab trucks with smaller swab lines, 
such as one-quarter in., are practical. 

When the retrievable tubing extension is used for cement 
plugbacks, the extension is fastened to a wire-line locking 
mandrel which is locked in place in a landing nipple contained 
at the lower end of the tubing as shown in Fig. 4. The locking 
mandrel has chevron packing which holds pressure exerted 
from the upward direction only; this allows the circulating 
fluid to wash cement particles from around the mandrel while 
reversing excess cement from the tubing. 
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Tubing Packers 


Special tubing packers have been specifically designed for 
the permanent type well completion that may be used as 
squeeze packers and as production packers and are arranged 
to be set with the tubing in tension, hanging free, or in com- 
pression. These new packers, shown in Fig. 5, are of two 
types; namely, (1) the retrievable tubing packer, and (2) the 
drillable tubing packer. 


The retrievable tubing packer is a cup-type packer with the 
packer mandrel made from a tubing joint. This tubing packer 
is not held in place against squeeze pressure below the packer 
by the tubing weight but is supported by the packer slips 
which are set by upper and lower chrome-plated cones driven 
behind the slips. The packer may be released by jarring the 
two sets of cones from behind the slips. By removing the 
upper cup, this same packer has been adapted for use as a 
squeeze packer in wells which do not require a production 
packer, as shown in Fig. 4. 

The drillable packer is a commonly used packer which has 
been modified to allow the packer stringer to be full opening. 
The packer for 514-in. casing, shown in Fig. 5, has only one 
packing element and has a latch-on device to prevent the 
stringer from being forced out of the packer due to high 
squeeze pressures and to allow the tubing to be set in tension 
when desired. 


Gas-Lift Apparatus 


The two new gas-lift valve arrangements being developed 
for application in permanent-type well completions, shown in 
Fig. 6, are the retrievable gas-lift valve and the gas-lift man- 
drel with inner sliding sleeve. Neither of these gas-lift installa- 
tions has as yet been given extensive field testing to determine 
performance; nor has either been used in cementing operations. 

The retrievable gas-lift installation consists of a special man- 
drel in which the gas-lift valve is offset. This valve may be 
replaced when faulty with a new valve by use of wire-line 
equipment. When it is desired that these valves be blanked off, 
the gas-lift valve may be replaced with a dummy valve. Future 
tests may prove that modification of this installation is neces- 
sary to insure that cement will not settle around the dummy 
valves, to make their removal impossible, or that the seals on 
the dummy valves will seal against high squeeze pressures. 

The new style gas-lift mandrel with inner sliding sleeve has 
two gas-lift valves which may be used alternately. The inner 
sleeve has three positions of placement, one for the blanking 
position and one for each of the gas-lift valve inlets. This man- 
drel should prove ideal for permanent-type well completions 
because the mandrel may be blanked during cementing and 
may be positioned on a valve inlet during production periods. 
Economics may dictate the need for a mandrel with two posi- 
tions, one blanking and one gas inlet. This type of mandrel 
would allow the upper gas-lift mandrels in the tubing to con- 
tain chokes which would be blanked once the well is unloaded. 


PREPARATION OF WELL FOR PERMANENT- 
TYPE WELL COMPLETION 


Since the advent of the tubing-type perforator, it has been 
possible to perforate the casing of wells without removing 
the tubing whenever the interval for perforation has been 
below the total depth of the tubing. When using the tubing- 
type perforator and when preparing a well for permanent- 
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type well completion, the following factors should be con- 

sidered : 

1. The bottom of the tubing should be open ended or provided 
with a seating arrangement to facilitate the use of a 
removable tubing stop. 

2. Prior to setting the tubing, a drift bar should be run 
through the tubing to determine that all of the tubing 
joints are full open. This may be accomplished easily while 
the tubing is standing in the derrick. 

3. The bottom of the tubing should be set above the possible 
producing intervals. 

4. When packers and landing nipples are used, equipment is 
provided which will permit passage of the tubing-type 
perforator. Consideration should be given to the use of 
packers which do not require excessive tubing weight. 

5. Upon running the tubing, the drilling mud is displaced 
with clean fluid, preferably formation oil or salt water, and 
the packer, if used, is then set. 

6. The Christmas tree is placed on the well and sufficient 
fluid is removed from the well to reduce the hydrostatic 
pressure exerted by the well fluid to less than the formation 
pressure; this will provide a differential into the well bore. 
This use of clean fluid and a pressure differential into the 
well bore should eliminate the partial or complete plugging 
of perforations or sand face. Past performance has indi- 
cated that a differential of 500 to 750 psi into the well bore 
will generally allow the well to come in without additional 
help if the formation permeability is sufficient to obtain a 
flowing well. 

7. Prior to perforating a new well, the drilling rig is removed 
and a smaller type of handling equipment is used to sup- 
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FIG. 4— USE OF WIRE-LINE RETRIEVABLE TUBING EXTENSION. 
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port the sheave for the shooting line. Tubing can be run 
while allowing cement to set and the overall time saving 
will generally be one to two days per well. 


FIELD OPERATIONS 


Workover of Existing Wells 


Many workovers are performed on wells where only the 
reperforation of the old producing interval or perforation of 
additional interval is involved. In the past it has been the 
practice to (1) kill the well with mud, (2) pull the tubing, 
(3) perforate the desired interval, (4) rerun the tubing, and 
(5) place the well back on production. When using this proce- 
dure in an 8,000 ft Frio sand field in Southwest Texas, three 
wells were worked over last year with an average cost per well 
of $4,450. 

If the bottom of the tubing is above the desired producing 
interval, it is possible to perform any additional perforating or 
reperforating without removing the tubing or using a work- 
over rig. Recently five producing wells in this 8,000-ft field 
were worked over by reperforating with the tubing gun with 
the total cost of these five workovers averaging $1,160 per job, 
a 75 per cent reduction in costs. Four of the wells were origi- 
nally equipped with pin collar tubing bottoms and one had 
a perforated nipple and a hydraulic bull plug. Wire-line tools 
were used to (1) remove paraffin from the tubing, (2) gauge 
the tubing, (3) determine if the gun could be passed through 
the tubing, (4) remove the pins from the pin collars by me- 
chanical jarring action, and (5) determine if the casing con- 
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FIG. 5—PACKERS FOR PERMANENT- 
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FIG. 6 — NEW GAS LIFT VALVES 
FOR PERMANENT -TYPE WELL 
COMPLETIONS. 


tained any fill-up of debris which would prevent the small gun 
being lowered to the desired perforating interval. The hydrau- 
lic bull plug could not be removed by jarring and an experi- 
mental blow-off charge was used successfully on the standard 
shooting line to open the end of the tubing. Work is now in 
progress to develop a blow-off charge which may be run on a 
wire line and ignited by percussion. 

A gin pole truck was used to support the sheave for the 
standard perforating line, and tubing-type perforators, ranging 
in length from 3 to 14 ft, were run in these five wells. A short 
lubricator was used because the wells were incapable of flow- 
ing. All five wells contained compression-type packers which 
had been set with approximately 10,000 lb of tubing weight on 
the packer. Slight difficulty was experienced in running both 
the 3 and 14-ft small gun through the lower end of the tubing 
which was crooked by the weight placed upon the tubing 
packers. 

Within the last year, a gas well under pressure in a 5,500-ft 
Frio sand field was reperforated in its producing interval, with 
a resultant 22 per cent increased in production, without killing 
the well. It is interesting to note that the tubing-type per- 
forator was run in this gas well on the 3/16-in. shooting line 
with a tubing pressure of 1,040 psi, and it is likely that higher 
pressure can also be easily handled. The upward force exerted 
by the tubing pressure against the larger cross-sectional area 
of the standard monocable and the difficulty in sealing around 
the large strands make the use of the larger line impractical. 


Vol. 198, 1953 


T.P. 3494 


SQUEEZING REVERSING SQUEEZING REVERSING 
(= (PSS 
lan le 
| | 


HOLES WILL BE 
SEALED WHILE WELL 


| 7 IS PRODUCING 


FIG. 7 —PLUGGING BACK A WELL HAVING 
A PRODUCTION PACKER. 
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FIG. 8 — SQUEEZING CEMENT IN A PERMA- 


NENT-TYPE WELL COMPLETION. 


A 30-ft jointed aluminum derrick, with a 16-ft lubricator, was 
installed on this gas well. A special lubricator assembly con- 
taining a pull-in device, stuffing box, and automatic grease 
injector was used to run the small gun under pressure. 


Workover of Wells Not Containing Production 
Packers 


Several wells in a 5,100-ft Cockfield sand field have been 
plugged back with cement and reperforated in a higher inter- 
val without the use of a drilling rig. These wells contained 
214-in. tubing with three constant flow gas-lift valves having 
6/64, 7/64, and 8/64-in. chokes with reverse checks. Forma- 
tion salt water was used as a workover fluid during the entire 
operation of cementing and reperforating. A landing nipple 
was run immediately above a special packer with a single cup 
designed to hold upward pressure. This packer allowed the 
well to be circulated when fluid was pumped into the casing. 
This same setup, shown in Fig. 4, can be used with flowing 
wells which do not have the usual type of production packer. 

To perform the cement plugbacks, the wire line mandrel 
with a short blank sub of 144-in. pipe was run and locked into 
place in the landing nipple and the tubing was tested to 3,500 
psi. The mandrel and blank joint were then withdrawn, and 
100 ft of open-ended tubing extension was run and locked into 
place in the landing nipple. The old perforations were plugged 
with a 15-lb per gal slurry of slow-set cement having two per 
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cent bentonite. The excess cement was circulated out of the 
well after obtaining a final and maximum squeeze pressure of 
3,400 psi. The tubing extension was withdrawn from the well 
and found to be free of cement. After allowing cement to set, 
the well was reperforated in a higher zone by using the tubing- 
type perforator. 

These plug-back jobs in the 5,100-ft Cockfield sand were 
accomplished without difficulty and established the practicality 
of the tubing extension. The top of the cement plug was 
checked while using the tubing-type perforator and found to 
be within one to two ft of the lower-most depth of the tubing 
extension used during the plug-back operation. Upon recom- 
pletion of the wells in which cementing operations had been 
performed with the tubing extension, it was found that the 
gas-lift valves functioned properly. The small amount of fluid 
passing through the chokes in the valves while reverse circu- 
lating had apparently removed any cement that may have 
settled in the inlet of the gas-lift mandrels. Although the 
reverse checks used with these gas-lift valves functioned prop- 
erly, experience in the field has shown that more development 
work should be done with gas-lift valve reverse checks if they 
are to perform satisfactorily during cementing operations 
after a number of years in an operating well. 


DEVELOPMENT WORK IN PROGRESS 


Workover of Wells Containing 
Production Packers 


Plans have been formulated and operations are ready for 
the plugback of flowing wells which contain tubing packers. 
A packer will be used in this operation which will function 
as a production packer and as a squeeze packer and will be 
set in tension or with a very slight amount of weight. A full- 
opening circulating port will be placed in the tubing string 
between the packer and the landing nipple so that excess 
cement can be circulated out of the tubing and the tubing 
extension. This circulating port has a spring-loaded sliding 
inner mandrel which seals off pressure contained in the tubing 
string and permits circulation from the casing into the tubing 
when a pre-determined pressure differential between the casing 
and the tubing is reached. Thus, the circulating port may be 
set at a pressure such that it will remain closed and will allow 
salt water or light mud to be placed in the casing-tubing 
annulus. With this type of setup, as shown in Fig. 7, care 
must be taken not to use too much cement while plugging 
back since the pressure necessary to reverse out excess cement 
will equal the difference between the hydrostatic head of the 
column in the tubing and the column of fluid in the casing 
plus the opening pressure of the circulating port. To offset this 
handicap, 124% lb per gal modified cement is considered an 
ideal cementing agent. 

An alternate setup for this type well is the use of reverse 
checks in gas-lift mandrels in placing of the circulating port. 
These reverse checks will not necessitate as high a pressure 
while reversing as the circulating port and will be sealed off 
while the well is producing. 


A type of well for which equipment has been designed and 
which is in the experimental stage is the well containing a 
production packer and intermittent gas-lift valves without 
chokes. The equipment to be used in this case for a cement 
plugback of a perforated interval will be similar to the above- 
mentioned apparatus used with a flowing well having a pro- 
duction packer except for special gas-lift valves. Intermittent 
gas-lift valves are available which open at a predetermined 
pressure in the conventional manner and which close against 
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flow at a pressure several hundred lb in excess of the opening 
pressure. This type of valve or the two new gas-lift installations 
recently designed would allow excess cement to be reversed 
out of the tubing without excessive fluid flow through the gas- 
lift valves which do not contain chokes. 


Squeeze Cementing Operations 


In order to make the permanent-type well completion more 
versatile, a method is being developed whereby the old pro- 
ducing perforations can be squeeze cemented to prevent exces- 
sive gas and salt water production and then be reperforated. 
In order to accomplish this, it may be necessary to provide a 
means of varying the position of the tubing extension while a 
seal is effected between the tubing and the tubing extension. 
Self-sealing rubber packers are being developed which seal 
against a wide range of pressures but which are easily moved 
when the pressures are released. The tubing extension equipped 
with these self-sealing packers will be suspended on a swab 
line during the entire cementing operation. After the required 
squeeze pressure has been obtained, the tubing extension can 
be lowered to the desired depth and the excess cement can 
then be reverse circulated from the well bore at that point, as 
shown in Fig. 8. 

In order that gas and salt water shut-offs can be accom- 
plished successfully, experiments are being conducted to obtain 
cementing materials with the desired characteristics: (1) light 
weight, (2) good pumpability, (3) early strength, and (4) 
low filtration rate. When squeeze cementing operations have 
been performed satisfactorily, the permanent-type well com- 
pletion equipment will be standardized to allow all normal 
well remedial operations to be performed. 


SUMMARY 


Results obtained from laboratory studies and field use of 
the permanent-type well completion have led to the following 
conclusions: 

1. Permanent-type well completion is now practical. Wells 
can be plugged back and perforated without disturbing the 
tubing setting. 

2. This new type of completion greatly reduces completion 
and workover costs. 

3. Development of a method is being continued and will soon 
be completed wherein the old producing perforations may 
be squeeze cemented to exclude excessive gas or salt water 
production and be reperforated using the permanent-type 
well completion. 

4. The possibilities and accomplishments of this method war- 
rant development of new equipment for handling wells 
completed by this method. 

5. Developments in accessory artificial-lift devices are prom- 
ising and should be continued so as to provide suitable 
valves for through-the-tubing operations and for greater life 
of operation. 
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ABSTRACT 


A new electrical logging method, called MicroLaterolog. is 
described, whereby the resistivity R,, of the invaded zone close 
to the wall of the bore hole is measured. This method essen- 
tially utilizes a system of concentric circular electrodes im- 
bedded in an insulating support which is applied to the wall 
of the hole. A beam of current of very small diameter is 
focused horizontally into the formations by means of an auto- 
matic control device, and then opens widely at short distance 
from the wall. With this method, R,, most often can be 
recorded directly, except when the mud cake is very thick, in 
which case a correction is easily provided. The basic role of 
factor R,, in the quantitative analysis of electrical logs in terms 
of fluid saturation and of porosity is explained. The paper is 
illustrated with field examples. 


INTRODUCTION 


In electrical logging, the resistivity of that part of the perme- 
able and porous formations which is invaded by mud filtrate 
is an important factor in the interpretation. Measurements 
made with the conventional devices — normal, lateral — and 
also with improved systems as the Laterolog’ and induction 
logging’ — are very often more or less affected by the presence 
of the invaded zone, and the knowledge of the resistivity of 
this zone is useful in the evaluation of the true resistivity of 
the beds, which itself is a basic element for the determination 
of fluid saturation. Moreover, the comparison of the resistivity 
of the invaded zone with the resistivity of the mud filtrate gives 
valuable indications on the magnitude of the formation resis- 
tivity factor — which in turn is necessary for the quantitative 
interpretation of the logs, both in terms of fluid saturation 
and of porosity. 


On the other hand, it is generally admitted that the invaded 
zone is not a homogeneous medium separated from the uncon- 
taminated part of the bed by a well defined cylindrical bound- 
ary. but that the fluid distribution — filtrate. connate water. 
hydrocarbon — and hence, the resistivity in the invaded zone 
varies progressively with the distance from the wall of the 
hole. The term “resistivity of the invaded zone” therefore corre- 
sponds to an average value which is a function of the distribu- 
tion of the fluids. Inasmuch as the law of this distribution is 
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not exactly known, the resistivity of the invaded zone is not a 
well defined factor. 

A much better definition is obtained if the medium under 
consideration is limited to that part of the formation which is 
within a short distance from the wall of the hole. It seems 
likely that, within a distance of at least two or three in., most 
of the fluids originally in the pores of the formation have been 
displaced by the mud filtrate. The connate water has almost 
certainly been flushed out, and the oil, if any, has generally 
been reduced to a comparatively small amount. The resistivity 
within the radial limit of two to three in. is, therefore, prac- 
tically constant at any given level; its value, at least when the 
proportion of conductive solids in the formation is negligible, 
is chiefly dependent on the resistivity of the filtrate and on the 
porosity of the formation, and is affected only to a relatively 
small degree by the presence of the small amount of residual 
oil. This part of the formation close to the wall of the hole 
will be designated in the following as the “flushed zone,” as 
distinguished from the more general term of “invaded zone” 
which relates to the part of the formation extending from the 
wall out to the distance where the formation is completely 
uncontaminated. The symbol R,, will be used for the resistivity 
of the flushed zone. (The notation R,, is related to the radial 
distance from the hole. If x designates this distance, xo is the 
initial value of x, i.e., the value corresponding to the region 
very close to the wall.) 

The determination of R,, is difficult, if not impossible, from 
logs made with the conventional devices. The long normal and 
the long lateral are, of course, not suited for this purpose 
because their radii of investigation are by far too large. The 
short normal, and the limestone sonde — after correction for 
the effect of the bore hole — give resistivity values which corre- 
spond to materials situated within a comparatively short 
distance from the hole, but this distance is still several times 
as great as the thickness of the flushed zone. The only value 
which can be obtained with these devices corresponds to an 
average resistivity of the invaded zone —and this only pro- 
vided the invasion is deep enough, since otherwise the meas- 
ured values would also be affected by the uncontaminated 
region beyond the invaded zone. It should nevertheless be 
recalled that, despite these limitations, the measurements given 
by the short normal and/or the limestone sonde are always 
very useful for qualitative interpretation, and also in favorable 
cases for the quantitative analysis of the logs in terms of 
saturation and porosity.”'” 

The MicroLog,”°" which was primarily developed for the 
detection of permeable beds and for an accurate determination 
of their boundaries. provides a good approach towards the 
evaluation of R,,. In the case of hard formations. however, the 
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results are less accurate. This method furthermore requires 
in all cases the use of interpretation charts to derive the yalues 
of R,, from the values recorded on the logs. 

The method of the MicroLaterolog, which is the subject of 
the present paper, is intended to provide the recording of Rx, 
in practically all types of formations, either directly if the 
mud cake thickness is not exceedingly great, or with an easy 
correction in case of very thick mud cakes. 

The present paper contains a description of the essential 
features of the MicroLaterolog, a review of some representative 
laboratory experiments, a discussion of the method of inter- 
pretation, and an outline of the field technique. The application 
of the MicroLaterolog to the problems of the evaluation of 
fluid saturation and of porosity is explained, and is illustrated 
by field examples. 

The symbols used throughout the paper are the following: 

Ry: Mud resistivity 

Rie: Mud cake resistivity 
Ryr: Mud filtrate resistivity 
R,.: Flushed zone resistivity 
R,: Apparent resistivity 

h: Mud cake thickness 

(All values of resistivity used in the discussion have been 
corrected to the ambient temperature of the formation.) 


ESSENTIAL FEATURES OF THE 
MICROLATEROLOG 


Principle 


The MicroLaterolog device, as it is used at the present time, 
comprises one center electrode A, of very small size, and three 
circular (ring) electrodes M,, M: and A, each concentric with 
A,, and spaced with short gaps (about one-half in. to one in.) 
between successive rings (Fig. la). These electrodes are im- 
bedded in an insulating support, commonly designated as a 


Insulating Pod 


Bore 


Impervious 
Formation 


FIG. 1a — MICROLATEROLOG DE- 
VICE SHOWING DISTR!BUTION 
OF ELECTRODES. 


FIG. 1b — VERTICAL CROSS SEC- 
TION SHOWING THE CURRENT 
LINES (SCHEMATIC DRAWING). 
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pad, which is applied against the wall of the bore hole by 
means of an appropriate spring system. 

A current of constant and known intensity is sent through 
the center electrode A,, and another current of same polarity 
is fed through the outer ring electrode A,. The intensity of the 
latter current is automatically and continuously adjusted in 
such a way that the difference of potential between rings M, 
and M: is maintained substantially equal to zero. The potential 
prevailing at either M, or M, is recorded. The apparent resis- 
tivity measured with the device is proportional to the value of 
this potential and to a factor which depends on the geomet- 
rical characteristics of the system. This factor is determined 
experimentally. 

According to this system, the current issued from the center 
electrode A, is prevented by the current emitted by the ring 
electrode A, from diverging freely in all directions, and is 
confined to a beam which penetrates the formations horizon- 
tally. This beam is approximately limited by a surface of 
revolution around an axis crossing electrode A, and perpen- 
dicular to the wall of the hole. 

Fig. 1b is a cross section of the bore hole, of the pad and of 
the formations in the vertical plane containing the axis of the 
hole and the center of the pad. It is admitted that the plane 
of the figure is also a plane of symmetry for the pad, which it 
crosses along the line XX’. This condition is substantially 
realized in practice. It is further supposed in Fig. 1b that 
the formation is impervious (non-invaded) and homogeneous. 

The figure shows schematically the distribution of the cur- 
rent lines. The surface enclosing the current beam issued from 
electrode A, (shaded area on the drawing) is substantially 
perpendicular to the pad and its diameter close to the pad is 
approximately the arithmetic average of the diameters of the 
ring electrodes M, and M., which amounts in practice to about 
two in. The diameter of the beam increases, first slowly, then 
more and more rapidly, with the distance from the wall.* The 
exact shape of the current beam has been determined by means 
of laboratory models, as will be explained later on. 


Effect of the Mud Cake 


In the case of a porous and permeable formation, the elec- 
trode system is separated from the formation by the mud cake. 
This, nevertheless, does not change appreciably the general 
shape of the current beam (Fig. 2a). Inasmuch as the current 
crosses the mud cake in a substantially horizontal direction, 
the distance the current has to travel across the mud cake is 
very small in comparison with the distance it has to travel 
across the formation; furthermore, the resistivity of the mud 
cake is usually less than the resistivity of the formations. As 
a result of these two causes, the ohmic drop of potential 
through the mud cake is a very small part of the total ohmic 
drop. The influence of the mud cake on the measurement is, 
therefore, much reduced, and even negligible for all practical 
purposes, if the mud cake thickness is not too great. This point 
will be discussed in more detail in the section on interpretation. 

It is interesting to compare the effects of the mud cake on 
the respective measurements made with the MicroLaterolog 
and with the MicroLog. 

Fig. 2 shows the schematic distribution of the current lines 
for the respective cases of the MicroLaterolog (Fig. 2a) and 
of the MicroLog (Fig. 2b). It is assumed for the tracing of 
these figures that the resistivity of the formation is constant 
from the wall of the hole up to great distances from the hole, 


*The current beam somewhat recalls the shape of a ‘“‘trumpet,”? hen h 
colloquial term often used to designate the MicroLaterolog. eet tae 
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FIG. 2 — COMPARATIVE DISTRIBUTION OF CURRENT LINES FOR MICRO- 
LATEROLOG AND MICROLOG IN THE CASE OF A POROUS AND PERME- 
ABLE FORMATION MORE RESISTIVE THAN THE MUD CAKE. (QUALITA- 


TIVE DRAWING.) 


and that, as is usually the case, the formation resistivity is 
ereater than both mud resistivity and mud cake resistivity. 

With reference to Fig. 2b, it is recalled that the MicroLog 
device includes a system of point electrodes placed along a 
vertical straight line.” The system shown on the figure com- 
prises one power electrode A’ at the center of the pad, and 
two measuring electrodes M’, and M’,. (For the sake of sim- 
plicity in the tracing of the current lines, Fig. 2b is represented 
with the power electrode A’ at the center of the pad. In usual 
MicroLog practice, the electrode M’, is at the center of the 
pad, but it has been found experimentally that the responses 
are practically the same with either distribution of electrodes, 
provided the spacings are the same.) A current of known 
intensity is sent through A’ and the corresponding potential 
differences are measured either between M’, and M’, (micro- 
inverse curve) or between M’, and a remote reference electrode 
(micronormal curve). 
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Ryo/Rme, and that, accordingly, a slight error in the measure- 
ments may amount to a much larger error in the values derived 
for R,, from these measurements. In the earlier MicroLog 
Interpretation Charts of November, 1950, this same feature 
of the MicroLog is illustrated by the fact that the curves for 
constant values of R,,/Rm. are very crowded in the region of 
the charts corresponding to high values of Ryo/Rme- 


Effect of the Radial Variation of the Resistivity in 
the Invaded Zone 


The MicroLaterolog is intended to give a record of the value 
of the resistivity R,, of the flushed zone. As already stated, it 
can be admitted that the flushed zone has a constant resistivity 
R,.. up to a distance of about three in. from the wall of the 
hole, and that beyond this distance the resistivity of the invaded 
zone may vary progressively. 

It is necessary to verify whether the yalue measured with the 
MicroLaterolog is not influenced, to an objectionable extent, 
by the presence of the formations beyond the flushed zone. 

A complete investigation of this problem in the laboratory 
is very difficult, but results sufficiently significant for practical 
purposes can be obtained from the study of simplified and 
limiting cases, i.e., the cases when the formation beyond the 
flushed zone is supposed to be either infinitely conductive or 
infinitely resistive. 

These results are given in Table 1. In this table the mud 
cake resistivity R,,. is taken equal to one; the thickness of 
the flushed zone is assumed to be three in.; R, designates the 
resistivity of the third medium, which in the experiment was 
equal to 0, to Rx, or to infinity; R° R*° R® designate the 


values measured with the MicroLaterolog device when R, is 
equal respectively to 0, Ry, and oo; A designates the thickness 
of the mud cake. The tests were made with the device com- 
monly used for all MicroLaterolog field experiments until the 
present time, which is denoted as device “A.” 

The table shows that the effect of an infinitely resistive or 
of an infinitely conductive medium located at three in. from 
the wall of the hole creates departures of the readings from 
the values obtained when the flushed zone extends much far- 


Table 1—Influence of the Medium Beyond the Flushed 


Zone on the MicroLaterolog Readings 


Thickness of flushed zone: 3” 
Mud cake resistivity = 1 


As shown in Fig. 2b, a large part of the current from A’ R,, A ues-0) Ri he R. =o 
flows along the mud cake, until it reaches the edges of the - = : : 
i iff s measured between the measur- Ry 
pad. The potential differences sure 5 R2=38 — =085 RO=5.5 — =1.22 
ing electrodes are, therefore, appreciably influenced by the Ree Re 
mud cake. This effect is greater for thicker mud cakes and yy,” 3.15 0.85 4.4 ae 1.24 
for greater values of the ratio of formation resistivity to mud Y,” 3.4 0.85 4.0 4.8 1.20 
cake resistivity. The figure, therefore, makes clear the fact 34” Doll 0.87 Dal 3.6 1.16 
that in the case of formations of low porosity, where R,, is 1” Zl 0.92 23 2:6 Taz 
comparatively high, the MicroLog curves do not reflect sharply 20 1%," 145 0.85 17.0 50.0 119 
the variations of R,,, and therefore of porosity, since, in this yn 13.5 0.83 16.3 18.5 ia 
case, the influence of the mud cake is predominant. It can also So 103 0.90 15 a aie 
be seen that the corrections to be applied to the MicroLog ce 55 0.95 3 61 06 
readings in order to derive the value of Rx, in formations of 
1 3.4 0.98 3.7 1.05 
low porosity cannot be very accurate. This corresponds to the ind pare 
fact that, in the MicroLog interpretation charts, series “B,”’ 
the curves are close to the vertical for high values of the ratio hie a rT eS 
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ther which are, on the average, equal to 12-15 per cent and do 
not exceed 25 per cent. In practice, the ratio R,/R,, very sel- 
dom goes above 10 or below 1/10, and, furthermore, there is 
a continuous transition between the flushed zone and the 
uncontaminated zone. It may be cwncluded that the effect of 
the formations beyond the flushed zone is certainly much 
smaller than the one found in the extreme cases treated in the 
laboratory, and that, accordingly, this effect can be neglected 
for all practical purposes in most cases. 


STUDY OF THE SHAPE OF THE 
CURRENT BEAM 


The maps of the current lines were determined in the lab- 
oratory with device “A” on models simulating several distribu- 
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tions of media. (Being given the geometry of the pad and of the 
media involved in the measurements, the response of the Micro- 
Laterolog method cannot be investigated by mathematical com- 
putations, but must be determined by laboratory experiments 
on models.) The essential results of this study are presented 
in Figs. 3 and 4. 

In the laboratory experiments, the mud cake and the mud 
had the same resistivity, equal to unity. The resistivity Rx, of 
the flushed zone was made equal to 10. A double size scale 
model was used. On the basis of actual dimensions, the hole 
diameter and the distance from the pad to the wall of the hole 
(mud cake thickness) were equivalent respectively to eight in. 
and one-fourth in. 

Fig. 3 relates to the case in which the formation behind the 
wall of the hole is homogeneous, in other words, to a very 
deep flushed zone. The directions of the current lines and the 
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FiG. 3 — MICROLATEROLOG (DEVICE A”), DIRECTIONS OF CURRENT LINES AND SHAPE OF CUR 

RENT BEAM IN THE CASE OF HO 
FORMATION (LABORATORY DETERMINATIONS). MUD CAKE THICKNESS, 4 IN.; MUD CAKE RESISTIVITY, Rm = 1; RESISTIVITY OF THE LUSH 
ZONE, Rxo = 10; HOLE DIAM., 8 IN. THE SHADED AREAS REPRESENT THE REGIONS IN THE FORMATION WHERE .08 OF THE TOTAL OHMIC DROP 


OF POTENTIAL TAKES PLACE. 
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FIG. 4— MICROLATEROLOG (DEVICE “A’’). DIRECTIONS OF CURRENT LINES AND SHAPES OF CURRENT BEAM IN THE CASES WHERE THE MEDIUM 
BEYOND THE FLUSHED ZONE IS INFINITELY RESISTIVE OR INFINITELY CONDUCTIVE. HORIZONTAL CROSS-SECTIONS (LABORATORY DETERMINA- 
TIONS). MUD CAKE RESISTIVITY, Rin = 1; FLUSHED ZONE RESISTIVITY, Rxo = 10; EXTENSION OF FLUSHED ZONE FROM THE WALL OF HOLE 


= 3 IN.; HOLE DIAM., 8 IN.; MUD CAKE THICKNESS, % IN. 


shape of the current beam are shown both in vertical and in 
horizontal cross sections. The equipotential surface, represented 
on both cross sections, is such that 80 per cent of the potential 
drop in the current beam occurs between the wall and this 
surface, while only the remaining 20 per cent occurs between 
the surface and infinity. It is, therefore, seen that the volume 
of material confined within the beam, and extending to a 
distance of about three in. from the wall, contributes 80 per 
cent of the total resistance involved in the resistivity measure- 
ment. This result illustrates schematically the fact that the 
formation beyond a distance of three in. has little bearing on 
the measurement. 


Fig. 4 shows the pattern of the current lines in a horizontal 
cross section in the case where a third medium is present at 
a distance of three in. from the wall, with a resistivity R; 
equal to infinity (Fig. 4a) or to zero (Fig. 4b), all other con- 
ditions being the same as in the case of Fig. 3. 


For R, infinite, the current beam opens more widely than in 
the preceding case (Fig. 3), and the surface limiting the beam 
tends to become parallel to the cylindrical surface betwee 
the flushed zone and the third medium. In actual conditions the 
third medium has always some conductivity and, of course, the 
current beam crosses the boundary. The cross section of the 
current beam through the third medium is, however, very 
great, and the corresponding ohmic drop therefore compara- 


Vol. 198, 1953 


tively small, in spite of the high resistivity. The measurement 
of Rx, is consequently not much affected, as already shown in 


Table 1. 


For R, = 0, the beam is more constricted than in the case 
of a very deep flushed zone (Fig. 3), but the slight corre- 
sponding increase in the resistance of the beam through the 
flushed zone is compensated by the absence of any appreciable 
resistance through the third medium. 


These figures should make it easier to understand why the 
presence of a third medium, either more resistive or less 
resistive than the flushed zone, has a negligible influence on 
the measured value, as already mentioned in the preceding 
section. 


FIELD TECHNIQUE 


The MicroLaterolog equipment is shown in Fig. 5. The elec- 
trodes A,, M,, M. and A, are inserted in the rubber pad “1” 
which is molded on one of the branches of the spring guide “2.” 
The shape of the rubber pad and the pressure exerted by the 
spring are such that the pad fits the wall of the hole over a 
substantial area around the electrodes. It may sometimes hap- 
pen that the pad undergoes some deformation during an oper- 
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FIG. 5 — SCHEMATIC REPRESENTATION OF MICROLATEROLOG EQUIP- 
MENT. 


ation, but laboratory experiments have shown that the resulting 
effect on the measurements is negligible. 

The electrodes are connected by insulated wires to the elec- 
tronic instruments contained in the cartridge “3” located 
above the body “4” of the apparatus. The electronic circuit 
in turn is connected to the surface by the conductors of the 
insulated cable “5.” 

Fig. 6 shows a schematic representation of the circuits used 
for the recording of a MicroLaterolog curve. The source of 
alternating current “6” is used to send a current of a prede- 
termined and constant intensity into electrode A,. Electrodes 
M, and M2 are connected to the input terminals of an automatic 
control system “7.” Electrode A, is connected to one of the 
output terminals of this same system, the other output termi- 
nal being grounded through the body of the cartridge. By 
means of this system, a current is sent through A, which con- 
tinuously acts to maintain the difference of potential between 
M, and M: substantially equal to zero. The common potential 
of electrodes M, and M, is rectified in “8” and recorded by 
means of meter “9” at the surface. All the electronic compo- 
nents in the cartridge are fed from a source of power at the 
surface (not shown on the drawing). 
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FIG, 6—SCHEMATIC REPRESENTATION OF MICROLATEROLOG CIRCUITS. 


A system is now being developed for the simultaneous 
recording of an additional curve, preferably a microinyerse. 
The significance of this curve is explained in the following 
section. 


INTERPRETATION OF THE MICROLATEROLOG 


Inasmuch as the current beam has a very small diameter 
(about two in.), the power of resolution of the MicroLaterolog 
is very high: the recorded curves can therefore give an accu- 
rate and detailed definition of the boundaries separating the 
beds down to a very small bed thickness, say about two in. 

The responses of the MicroLaterolog opposite the main types 
of beds, i.e., shales, tight formations and porous formations, 
are analyzed hereafter: 


Shales 


Whenever there is no caye, the pad applies to the formation 
directly, and the resistivity measured is equal to the resistivity 
of the shales.* In the presence of a cave, it may happen that 


_*A correction may be sometimes necessary, as explained in the remark 
given at the end of the present section. 
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the pad stands at a certain distance from the wall: in that case, 
and since the mud resistivity is usually lower than the resistiv- 
ity of the shales, the log may show a value lower than the 
resistivity of the shales. If the cave is very large, the device 
may even be too far from the wall (more than three in.) for 
the measurement to be affected by the formations, and the 
MicroLaterolog would then read the resistivity of the mud. 


Tight Formations 


Since these formations usually do not cave, the pad is 
pressed against them. However, the wall of the hole is never 
smooth, and there exist some small grooves or channels which 
provide paths for the current to escape towards the mud col- 
umn. The resistivity read with the MicroLaterolog may there- 
fore be slightly lower than the resistivity of the formation, 
but only when the resistivity of the formation is much higher 
than that of the mud (several hundred times higher). 


Porous and Permeable Formations 


It has been said that the path of the current beam is such 
that the presence of the mud cake should not affect the meas- 
urements appreciably — as long as the thickness of the mud 
cake is not too great. This point will now be discussed in more 
detail, using the results of laboratory tests. 


These results are represented in the chart of Fig. 7, where 
the values of mud cake thicknesses are plotted as abscissae, 
and the ratios of Ry y./Rx, are plotted as ordinates, Ryu, 
being the resistivity measured with a given MicroLaterolog 
device. 

The chart contains two sets of curves corresponding respec- 
tively to the two different electrode systems designated as 
devices “A” and “B,” which differ only by the distances sep- 
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arating the electrodes.* Each set includes the curves corre- 
sponding to values of R,,/Rme equal respectively to 3, 10, 30 
and 100. 


With device “A” the value of Razir/Rx. is very close to one 
for values of the mud cake thickness smaller than one-fourth 
in., whatever the values of R,./Rme. With increasing values of 
mud cake thickness, the corresponding values of Ryi1/Rxo 
decrease, and the rate of decrease becomes greater as Ryo/Rine 
itself increases. 


With device “B,” the trend of the curves is similar. The value 
of Ryax/Rxo, which is somewhat greater than one for ex- 
tremely thin mud cakes (say less than 1/16 in.), stays quite 
close to one up to a value of the mud cake thickness about 
equal to one-half in. Device “B” is therefore less responsive 
to mud cake thickness than device “A.” 


The experience gathered from the MicroLog, and also from 
section gauge surveys, has shown that, in many regions, and 
particularly where salt water mud is used, the mud cake thick- 
ness is small enough that the MicroLaterolog readings, even 
with device “A,” are practically unaffected. The occurrence 
of thick mud cakes is, however, not excluded, so that it may 
be necessary in certain cases to correct the values recorded 
by the MicroLaterolog. 


A way to provide for this correction is to record simul- 
taneously with the MicroLaterolog an additional curve, using 
a device which will be much more responsive to the presence 
of the mud cake than the MicroLaterolog itself. This addi- 
tional device usually involves the same pad and the same elec- 
trodes as the MicroLaterolog — but the measurement amounts 
to determining, as in the MicroLog, the voltage between the 
two electrodes, such as M, and M2, corresponding to a con- 
stant current fed through the center electrode 4,. This system 

*Device ‘‘A’’ is the one which has been used in the field up to the 
present, in particular for recording the logs given as examples in this 


paper. Device “B’’ is an improved device, which is now being fie'd tested, 
and which, most probably, will replace Device “‘A’’ in a near future. 
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is designated as a “microinverse” device, in accordance with 
terminology adopted for the MicroLog. 


The measurements made with the MicroLaterolog and the 
corresponding Microinverse device, which will be denoted 
respectively by Ruz» and Rjny., are functions of the resistivity 
R,. of the formations behind the wall, of the resistivity R,,. of 
the mud cake and of the thickness h of the mud cake. R,,. can 
be determined directly on samples of mud (this point will be 
further discussed later on), so that the measurements are 
dependent on only two unknown factors, namely R,, and h. 


The relationships existing between the four factors involved, 
Rout, Rinv., Reo and h, have been determined by laboratory 
experiments and the results obtained are presented in the form 
of charts, such as, for example, the ones shown in Fig. 8 and 
Fig. 9, corresponding respectively to devices “A” and “B.”* 
Values of the ratio Ryx1/R,,. are plotted as abscissae and 


*As a result of more complete laboratory tests, the chart of Fig. 9 is 
slightly different from the chart given in the preprints, which was based 
on a limited number of measurements. The difference, anyhow, is so small 
that it does not change the practical conclusions. 
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values of Riav,/Rme as ordinates on a log-log grid. The charts 
contain two systems of curves: the solid curves correspond to 
constant values of R,,/Rm.. and the dashed curves to constant 
values of h. 

Considering on Fig. 8 (device “A”) the portion of the chart 
located above the curve for Ah equal to one-fourth in., it is 
seen that the solid lines are substantially parallel to the axis 
of the ordinates, and that the abscissae of these lines are very 
close to the respective values of Ryo/Rm.. This is another 
presentation of the result already shown in Fig. 7. It can be 
therefore said that device “A” gives a direct record of the 
values of R,, practically without correction, provided the mud 
cake thickness does not exceed one-fourth in. 

For thicker mud cakes the values of Ray;, become different 
from the corresponding values of R,., and the chart provides 
the way of correcting for this difference. To this end, a point 
is plotted on the chart, whose abscissa and ordinate are 
respectively equal to the values of Ryii/Rme and Rinv./Rinc 
read off the log at the level of the bed under survey. This point 
is located between two solid lines, and between two dashed 
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lines. The corresponding values of Ry/R,. and h are deter- 
mined by interpolation. 

The correction is easy and accurate as long as the mud cake 
thickness does not exceed one-half in. For greater values, the 
curves for constant values of R,,/R,,. are very close to each 
other, which means that a small error in the measurements may 
correspond to a larger relative error on R,,. 

Regarding device “B,” Fig. 9 shows that the bend of the 
solid lines corresponds to a mud cake thickness of about one- 
half in., instead of one-fourth in. for device “A.” The new 
device has therefore the advantage over the earlier one that 
R,, can be read directly on the logs for mud cake thickness 
up to one-half in. instead of one-fourth in. Moreover, the 
charts show that, with the corrections provided by the help 
of the microinverse device, accurate interpretations can be 
made for mud cake thicknesses as great as three-fourth in. if 
Ryo/ Ryn is large, and for mud cake thicknesses up to one in. 
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For the construction of the above charts, the calibration 
coefficients of the measuring devices “A” and “B” have been 
adjusted so that the values of Rajx, read in the vertical parts 
of the curves are substantially equal to the corresponding 
values of R,,: this for the range of values of Ryo/Ryne usually 
encountered in porous and permeable formations, 1.e., com- 
prised between about 3 and about 100. For values of Ryo/Ruv- 
smaller than the lower limit, as may happen in the case of 
shales (in this case, instead of a mud cake there is a mud film 
between the pad and the formation and R,,. = Rm), with de- 
vice “B” a correction becomes necessary, which may reach 
25-30 per cent of the measurement. The corresponding correc- 
tion with device “A” never exceeds 10 per cent, and is negli- 
gible in practice. For values of Ryxo/Rm. above the upper limit 
a correction can also be introduced, but this seems superfluous 
because the formations are practically tight, and an accurate 
knowledge of R,, is not necessary. 


for moderate or low values of Ry,/R... whereas with the first The calibration coefficients used in the construction of the 
device the possibility of correction is limited to cases where chart of Fig. 7 are, of course, respectively the same as for 
the mud cake thickness does not exceed one-half in. the charts of Fig. 8 and 9. 
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APPLICATION TO THE INVESTIGATION 
OF SATURATION 


The investigation of fluid saturation in formations containing 
a negligible amount of colloids is based on Archie’s formula:* 


S is the water saturation, in fractions of pore volume, 

F the formation resistivity factor, 

R,, the resistivity of the connate water in the formations, 

R, the true resistivity of the formation, 

mn an exponent which may vary between about 1.5 and 2.5, 
depending on the type of formations. 


where 


The evaluation of fluid saturation therefore requires the 


knowledge of F, R,, and R,. 


The problem of the determination of R,, is out of the scope 
of the present paper. It will be recalled only that, whenever 
R,, is not obtained from direct measurements on samples of 
connate water, an approximate value can be very often obtained 
by means of the SP curve.*” 


The methods of determining values of R, and F will be now 
considered: 


Evaluation of R, 


It is known that the values recorded with the macrodevices* 
opposite a given bed are apparent resistivities, which are not 
only functions of the true resistivity R, of the bed, but are also 
frequently affected by the resistivities of the mud column, of 
the adjacent formations, and, in the case of a permeable and 
porous bed, of the invaded zone. In order to determine R, 
from the apparent resistivities recorded, it is necessary to 
allow for the influence of these various factors. 


When the conventional method is used, a direct comparison 
of the three devices (short normal, long normal and lateral) 
usually makes possible the estimation of the order of magni- 
tude of R,, at least when R;, is not too high and when the bed 
is thick enough. It frequently happens however that use must 
be made of the departure curves, and in that case, the inter- 
pretation could be made more accurate if the resistivity ot 
the invaded zone were known. 


As already said, in a homogeneous permeable formation 
invaded by mud filtrate three different zones can be distin- 
guished: the flushed zone, where the resistivity is constant and 
equal to R,,; the transition zone, where the resistivity varies 
progressively with the distance from the wall of the hole from 
R,, to R,; and the uncontaminated zone, where the resistivity 
is equal to R,. 

In the process of interpretation it is convenient to assume 
that the resistivity of the invaded zone is constant and equal 
to the resistivity R,, of the flushed zone. Even though this 
assumption is only an approximation, it will narrow down the 
indetermination which sometimes exists in the evaluation of 
R, by means of departure curves, when nothing at all is known 
about the invaded zone. 

Considering devices which involve a focusing system such 
as the Laterolog, or the induction log, the measurements are 
practically uninfluenced by the mud column (Laterolog) or 
can be easily corrected for its influence (induction log). With 
the induction logging sondes used at the present time such as 
the 6-FF-27 in., this correction is easy and accurate provided 
R./R,, is not too great, say does not exceed 50. If, for sim- 
tem “macrodevice”’ is introduced to distinguish between devices 
with a rather large radius of investigation (such as the conventional 


devices, the Laterolog, and the induction logging system), and the ‘‘micro- 
devices” which are used with the methods of MicroLog and MicroLaterolog. 
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FIG. 10— COMBINATION INDUCTION LOGGING, NORMAL 16 _ IN. 
THICK BEDS; HOLE DIAMETER, 8 IN. Rxic AND Riz, DESIGNATE THE 
READINGS OF THE 16 IN. NORMAL AND OF THE INDUCTION LOG 
CORRECTED FOR THE MUD COLUMN. (DASHED SECTIONS OF THE 
CURVES ARE APPROXIMATE.) 


plicity, the bed under survey is supposed to be thick enough 
that the influence of the adjacent formations can be neglected, 
the readings — after correction for the mud column, if neces- 
sary —are functions of only three quantities: namely R,., R: 
and D,;, where D, is the diameter the invaded zone would have 
if it were homogeneous with a resistivity equal to R,..* Since 
furthermore R,, is given by the MicroLaterolog, only two un- 
knowns are left (R, and D,) and it is possible to derive R; 
from the two resistivity readings given respectively by a Latero- 
log and an induction log. 


In the case of formations of moderate or high porosities, such 
as unconsolidated sands for example, this approach can even 
be applied if the Laterolog is replaced by a short normal. 
Of course, with the short normal, an exact correction for the 
effect of the mud column is impossible theoretically; neverthe- 
less, if a correction derived from the departure curves for non- 
invaded formations is applied to the short normal readings, the 
corrected values are substantially independent of the influence 
of the mud column, as long as the ratio R,,/R,, does not 
exceed about 25, as is the case when the porosity is not too 
low. 


Since the induction logging is now being introduced in the 
Gulf Coast where unconsolidated formations are predominant, 


*The value of Di is such that the apparent resistivities which would be 
measured with a homogeneous invaded zone of resistivity Rxo and of 
diameter Di are equal to the apparent resistivities which are measured in 
actual conditions, all other factors being the same. The relationship be- 
tween Di and the ultimate extension of the invasion is not well known, 
but it can be assumed that the yalue of Di corresponds roughly to the 
middle of the transition zone. : 
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the case of the combined use of the induction log and of the 
short normal will be considered as an example: 


Fig. 10 shows an interpretation chart, where Ry,,,, and Ry, 
represent the respective readings of the 16 in. normal and the 
6-FF-27 in. induction logging sonde after correction for mud 
column effect. The resistivity Rx, of the flushed zone, which is 
supposed to be determined separately by means of the Micro- 
Laterolog, for example, is taken as a reference. 

The chart, determined by computations, is valid only for a 
given hole diameter, which, for the present case, was assumed 
to be equai to 8 in. 


To make use of the chart, a point is determined whose 
abscissa and ordinate are respectively equal to the values of 
Ryie in./Rxo and Ry,/R,.. The corresponding value of R./Rx. 
is obtained by interpolation between two solid curves. If, for 
example, Rx, is equal to 5, Ryo in. and Ry, (both after correc- 
tion for the mud column) are equal respectively to 2.6 and 1.6, 
the abscissa and ordinate of point 4 are respectively 0.52 and 
0.32, R:/R,. is found equal to 0.26, hence R, = 1.3, and D,/d 
is equal to about 3. 

Not any two devices can be used for the determination of R, 
with this type of chart. First, and as said before, the devices 
must be such that the influence of the mud column is negligible 
(Laterolog) or can be corrected for (induction log, short nor- 
mal). In addition to this, the apparent resistivities measured 
with the two devices must be independent, i.e., there must be 
only one set of values of D; and R, that will satisfy the two 
equations involved: it is known for example that the values 
measured with two normal devices of different spacings are 
not independent; 1.e., to a given set of values measured with 
two different normal devices corresponds an infinite number 
of possible sets of values for R, and D,. 

If, as is usually the case, the beds concerned are not very 
thick, the macrodevice readings have to be corrected also for 
the influence of surrounding formations before entering the 
interpretation chart. But with devices such as the 16 in. normal, 
the Laterolog or the induction logging device, these corrections 
would not usually be too important—and they could be 
derived from simplified charts — provided that the bed con- 
sidered is not too thin, and its resistivity not too much in con- 
trast with that of the surrounding formation. 


Evaluation of Formation Factor 


The formation factor F is the ratio of the resistivity of a 
formation entirely filled with an electrolyte to the resistivity 
of the electrolyte. This ratio is a constant, regardless of the 
resistivity of the electrolyte. provided the formation does not 
contain conductive solids. It will be supposed in the following 
that such is the case. 

When the formation is water-bearing, it can be assumed that 
in the flushed zone the connate water is entirely replaced by 
mud filtrate. The formation factor is therefore equal to 
Ryo/Rm:, where Ry: is the resistivity of mud filtrate. Risr is 
measured directly on mud filtrate samples, or its approximate 
value is derived from R,,. The determination of the formation 
factor thus amounts to the determination of R,,, which is given 
by the MicroLaterolog, or, in the case of thick mud cakes, by 
its combination with the microinverse. 

In case of oil-bearing formations, there is a certain amount 
of residual oil in the pores of the flushed zone. The value 
measured for R,, is therefore greater than the value which 
would be obtained if the pores were filled with mud filtrate 
only. The ratio R,y,/R»r is then greater than the formation 
factor, and the value arrived at for water saturation is greater 
than the true value. 
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A correction could be easily introduced if the amount of 
residual oil were known exactly. Unfortunately, this is not the 
case. The residual oil saturation is a complex function of 
numerous factors: characteristics of the formations (porosity. 
permeability, pore shapes .. .), characteristics of the oil (den- 
sity, viscosity ... ), etc. A rough estimation of its value — 
which is certainly too low — can be derived from the analysis 
of cores taken with water-base mud. Some information in this 
respect can also be obtained from the investigation of zero 
relative permeability to oil on formation samples. 


APPLICATION TO THE EVALUATION 
OF POROSITY 


It will be again supposed that the formation does not con- 
tain an appreciable amount of conductive solids. 

It is known that the formation resistivity factor is a function 
of the lithology of the formations, chiefly of the porosity, and 
can be approximately expressed through the equation:® 


a 
F= (2) 


where ¢ is the porosity, a and m are two parameters depending 
on the nature of the formation. 


Several different values, depending mostly on the types of 
formations selected for the experiments, have been proposed 
for a and m,’”” but the curves showing F vs ¢ for these 
various values of a and m do not differ much from one another. 


In the following discussion use will be made of the equation 
proposed by W. A. Winsauer et al,” namely: 


_ 0.62 


(3) 


In the case of a water bearing formation, the porosity will 
be given by the relationship: 


Rae 
é=( 062— 


derived from Equation (3). 


In practice the function corresponding to Equation (4) is 
generally represented by a curve, or is tabulated.’ 

In the case of an oil-bearing formation, the value derived 
from the logs by Equation (4) should be multiplied by 


1/1-ROS; ROS being the valued accepted for residual oil 
saturation. 


It is furthermore pointed out that, although Equation (3) 
represents the average of numerous determinations made on 
varied samples of formations, it may often occur that the actual 
relationship between porosity and formation factor in a given 
region, and for a given type of formation, departs appreciably 
from this equation. The most appropriate relationship in each 
case must be determined by field experience or by laboratory 
measurements on cores. 


The quantity derived from the MicroLaterolog, i.e., Rinr/Rxos 
is essentially representative of the amount of water per unit 
yolume of formation in the flushed zone. Likewise, if the 
resistivity of the connate water is known, the quantity R,/R, 
derived from the true resistivity of the formation represents 
substantially the amount of water per unit volume of formation 
in the uncontaminated zone. The difference between these two 
quantities is equal to the amount of oil flushed during the 
process of invasion of the formation. This amount of displaced 
oil can probably be considered as representing the upper limit 
for the amount of oil which can be produced from the forma- 
tion. The logs therefore give a way to evaluate what could be 
called a “producible oil index.” In this determination, no 
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assumption on the value of the residual oil saturation is 
necessary. 

In the case of shaly formations the conductive solids add 
their conductivity to that of the network of electrolytes in the 
pores, and the application of the above formulae should give 
values that are too high both for the water saturation and for 
the effective porosity. The determination of the corresponding 
correction is quite a difficult problem which is the subject of 
intensive research work. Quite interesting contributions in this 
respect have already been published.” So far, it seems 
that the corrections for conductive solids could best be derived 
from laboratory experiments on actual samples of the forma- 
tions under investigation. Nevertheless, some approaches, based 
only on the quantitative analysis of the resistivity logs and of 
the SP log are being studied. 


DETERMINATION OF R,,. AND Ry: 


It has been seen that whenever the mud cake thickness is 
not known to be small enough for R,, to be read directly with 
the MicroLaterolog, corrections have to be made by means of 
a chart, and that the use of the chart requires the knowledge 
of Rie, the resistivity of the mud cake. 


On the other hand the determination of the formation factor 
and hence of the porosity depends on a knowledge of the value 
of Ry./Rmr. which in turn requires a knowledge of Ris, the 
resistivity of the mud filtrate. 


The determinations of R,,. and Ryz can be done by means 
of an apparatus similar to the filter press used in the industry 
to investigate the water-loss properties of the mud. A sample 
of mud is forced to filtrate through a permeable diaphragm. 
The mud cake and the filtrate thus separated are recovered, 
and their respective resistivities are measured by means of a 
conventional resistivity meter. Such filter press equipment is 
not yet available in the field, but the above determinations are 
now routine practice in the laboratory. 

If direct measurements of R,,. and Ry; are not available, 
approximate values can be obtained from the average statisti- 
cal data determined in the laboratory on numerous mud sam- 
ples with variable characteristics. A table giving these values 
has been published (Ref. 7— Table 1). In fact, these labora- 
tory measurements have shown that the ratios Rx./Rm and 
Ry:/Rm are not constant for a given value of Ry, but the 
variations, although appreciable, seem to be confined between 
limits which are not too widely separated, except for the case 
of oil emulsion mud. In each given case the probable departure 
of the true values of Ruc/Rm and Ru:r/R,» from the average 
statistical value is likely to be reasonably small, at least small 
enough not to entail excessive errors in the determination of 
porosity. It is nevertheless much preferable, for the sake of 
accuracy, to make direct measurements of R,,. and Ry, when- 
ever possible. 


FIELD EXAMPLES 
Example | 


Fig. 11 shows one example of a MicroLaterolog recorded in 
a well drilled with high salinity mud (R,, =.07 at BHT), 
through a sequence of shales and limestones (Kansas). The 
Gamma Ray Log*, the Laterolog and the MicroLog are also 
presented for comparison. The MicroLaterolog was recorded 
without an additional microinverse curve in this case: since 
" *The SP curve would be practically featureless in this case because of 


the low resistivity of the mud, and it is accordingly replaced by a gamma 
ray curve, 
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it seems well established from laboratory observations and from 
the experience of numerous MicroLogs that the mud cake 
thickness is usually very small with high salinity mud, the 
value of R,, can be read directly, without the necessity for 
corrections. 

This example is intended to explain how the MicroLaterolog 
can be used, not only for a qualitative definition of the beds, 
but as a help in the estimation of the porosity and of the fluid 
saturation of permeable beds. 

Qualitative Definition of the Beds: The MicroLaterolog 
curve gives an extremely sharp delineation of the beds — with 
appreciably more details, and a much greater contrast than 
the MicroLog. With the MicroLog the presence of a mud cake, 
or even a very thin mud film, between the pad face and the 
formations, is sufficient to bring the readings down to com- 
paratively low values and to flatten the contour of the curves, 
because the ratio of the formation resistivity to the mud resis- 
tivity is very high. This drawback does not exist with the 
MicroLaterolog. 

The case of the shale beds is somewhat special: low values 
are obtained on the MicroLaterolog, which are usually less 
than the actual resistivities of the shales, as given by the 
Laterolog. The MicroLog gives values which are still lower 
at the level of these beds. This feature is caused, to a great 
extent, by the presence of cavings, which, of course, affects 
the MicroLog more than the MicroLaterolog. It is furthermore 
possible that, when shales are in contact with high salinity 
muds, a certain diffusion of ions takes place, which causes a 
decrease of the resistivity of the shale up to a short distance 
from the wall, and a corresponding decrease in the readings 
with the microdevices even if the pad applies against the 
formation. 

Quantitative Analysis of Section 4: According to the gamma 
ray curve, this section does not contain a great amount of shale. 
The MicroLog furthermore gives a positive separation and 
comparatively low resistivities, so that the section may be con- 
sidered qualitatively as porous and permeable. It would be 
difficult in this case to derive accurate quantitative indications 
from the MicroLog, even with the help of the interpretation 
charts, because the values recorded would correspond to the 
region of the charts where indetermination exists; 7.e., the 
region corresponding to low porosity values (congested region 
in the presentation of MicroLog Charts of November, 1950, 
vertical part of the curves in the MicroLog Charts, Series B). 

The MicroLaterolog shows rapid and sharp variations of the 
values of R,,, and therefore of the porosity, with depth through- 
out the section. The analysis of each separate individual detail 
would be meaningless, and the section should rather be con- 
sidered as a whole. The harmonic average* of Rx, is equal 
to 10 ohm-meters. Since R,, at BHT is equal to .07, the corre- 
sponding value of R,, is about equal to 0.055, hence 
Ren Resi 

On the other hand, the apparent resistivity R,;, read on the 
Laterolog is 35. Since this value is higher than the resistivity 
of the flushed zone (10 ohms), the true resistivity R, of the bed 
should be either equal to 35 (if there is very little invasion) 


*If a sandwich is constituted of beds 1, 2, . . . , with thicknesses 
respectively equal to Cy, €), and resistivities respectively equal to 
R,, the harmonic average is given by: 

Vharmonie avg. Ry R, 
whereas the arithmetic average would be: 


Any system of resistivity measurement in a bore hole (normal, lateral, 
Laterolog, induction log) . . . gives the harmonic average of the resistivi- 
ties of the individual beds included within the bulk of material involved in 
the measurement. 
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FIG. 11 — EXAMPLE OF MICROLATEROLOG. KANSAS, HIGH SALINITY MUD. R:,(BHT) = .07; HOLE DIAM. = 7% IN. 


or higher than 35 (if there is much invasion). R,; may also 
be somewhat affected by the presence of the adjacent shales, 
more conductive than the bed, because the thickness of the bed 
is comparatively small. 

If it is admitted for the time being that the average forma- 
tion factor is equal to R,, av./Rms, i.e., 180, then the average 
resistivity the bed would have if it were entirely saturated with 
connate water would be about equal to 180x0.05=9 (the 
resistivity of the connate water in this region being known to 
be usually of the order of 0.05 at BHT). Since R, is appre- 
ciably greater than 9, the formation certainly contains some 
oil. If the per cent of residual oil in the flushed zone is taken 
equal to 20 per cent, the average value of the formation factor 
can be accordingly corrected to a value about equal to 115 
instead of 180.* 

Now, the Laterolog departure curves for thick beds show 
that the average true resistivity of the bed would be found 
practically equal to Ryx, t.e., 35, if the depth of invasion is 
taken equal to 2d, and to 52 if the depth of invasion is 5d. 

On the other hand, the average porosity derived from the 
average formation factor throughout the section is around 
eight or nine per cent. Inasmuch as the depth of invasion is 
usually rather deep in formations with such a low porosity, 
it seems likely that 52 is closer to the true value. 


Finally, the application of Archie’s formula, taking the value 
of n equal to 2, would give a value of the water saturation 


C=) 


Such a water saturation is likely to correspond to a production 
of oil with some amount of water. Since the average porosity 


equal to: 


1 


115 x 0.05 = 
} = 0.33 


52 


*Using the equation: 


1-ROS = ( 


If ROS is taken equal to 0.2 and n equal to 
then F# = 180 x (0.8)* 115. 
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is low, the permeability is also likely to be low, and a rather 
small production can be expected. 

The section was gun perforated and four gal of oil and two 
gal of water per hour were obtained after the injection of 
1,000 gal of acid. 


Example 2 


Fig. 12 shows another example of a MicroLaterolog run in 
a well drilled through shales and limestones (Western Kan- 
sas), but with a low salinity mud (R, at BHT =1.3). A 
microinverse curve was recorded simultaneously with the 
MicroLaterolog in this case to make possible the investigation 
of the mud cake thickness. The MicroLog, the Laterolog and 
the SP curve are also presented on the figure. 

Two depth scales were furthermore used to record the 
MicroLaterolog and the microinverse curves: the standard 
5 in. for 100 ft, and an amplified scale, 25 in. for 100 ft. The 
logs recorded with the amplified scale are reproduced on the 
right hand side of the figure. 

It seems superfluous to elaborate on the qualitative inter- 
pretation, which is indicated on the figure. Special attention 
will be devoted to the quantitative analysis of the MicroLatero- 
log in Section “A,” where core records are available. 

Section “A” is shown as being permeable by the deflection 
of the SP curve towards the negative side, and by the com- 
paratively low readings and the positive separation of the 
MicroLog. The interpretation chart (Fig. 8) shows that 
throughout Section “A,” the thickness of the mud cake never 
exceeds one-fourth in., and that the MicroLaterolog readings 
are practically equal to the corresponding values of R,,. It is 
therefore easy to compute the value of the formation factor 
and hence of the porosity for any given depth in the interval. 
For example, in Section “A” Ry, is equal to 43. The resistivity 
Ry, of mud filtrate is found equal to one on the statistical 
table. Hence R,,/Rmr = 43, and, if the effect of residual oil 
in the flushed zone is neglected, the corresponding porosity for 
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Example 3 


An example in a well drilled through sand and shale forma- 
tions in Louisiana is shown in Fig. 13. As in the preceding 
example, a microinverse curve was recorded with the Micro- 
Laterolog in order to investigate the possible effect of mud 
cake thickness. The SP curve, the conventional normal curves 
and the MicroLog are shown. The qualitative interpretation 
is indicated on the figure. and, here again, it does not call for 


further comments. 


is 14 per cent. Similarly the average porosity 
value thus derived from the MicroLaterolog curve over the 
whole Section “A,” supposing no residual oil in the flushed 
zone, is found to be 12 per cent. Since the formation is known 
as being oil-bearing, a correction should be made which will 
increase the value of porosity. The average oil saturation found 
in the cores is 6 per cent. Assuming this figure is equal to the 
value of the residual oil saturation, the porosity value should 
be corrected to 12/0.94 = 13 per cent. It is, however, likely 
that 6 per cent is too low a figure for the residual oil, and that 
the porosity is actually higher than 13 per cent. 


The average value of porosity found by core analysis 
throughout the same interval is 15 per cent. 


THE MICROLATEROLOG 


1.3 and 1 at BHT, respectively. 


The mud resistivity was equal to 1.3 at BHT (136°) — hence 
R,,. and Ry, are estimated from the statistical tables to be 


The microinverse curve shows a resistivity value practically 
constant and equal to 2.3 throughout all the porous sections — 
which shows essentially that the mud cake thickness is con- 
stant — and the average value recorded with the MicroLatero- 
log is about equal to 6. The corresponding values of Rinw./Rice 
and Ryrp/Rme are respectively 1.8 and 4.6. If these values are 
plotted on the chart for device “A” (Fig. 8), it is found that 
the mud cake thickness is equal to one-fourth in. and that no 
correction is needed for its effect. 

According to the MicroLaterolog, the porosity varies very 
little with the depth throughout the whole section. Some values 


were computed and are indicated on the figure for several 
levels where core analyses were made. In these computations, 


the presence of residual oil had not to be allowed for, since 
the formations are known as being water-bearing, and it was 
supposed that the effect of shaly material within the sand was 
negligible. The average of the porosity values derived from the 
MicroLaterolog over all these levels is 33.5, against 31.5 for 
the average value found by core analysis. 

In this example, where the porosities are high enough for 


the MicroLog to be capable of giving the value of the porosity, 
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it can be easily verified that the values of R,, derived from the 
MicroLog with the help of the interpretation charts are in good 
agreement with the values given by the MicroLaterolog. 


CONCLUSION 


A new electrical logging method has been described, which 
makes use of circular concentric electrodes applied to the wall 
of the bore hole under an insulated pad, and wherein the cur- 
rent used for the measurement is focused by means of an auto- 
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matic control system. As a result, a thin beam of current pene- 
trates the formations almost horizontally, and opens widely at 
a short distance from the wall of the hole. 

With this method, the formations beyond a distance of about 
three in. from the wall have a practically negligible effect on 
the measurements. Furthermore, with the corresponding equip- 
ment used at the present time, the presence of the mud cake 
at the levels of porous and permeable formation does not affect 
the measurement, provided the thickness of the mud cake does 
not exceed one-fourth in. 


For the case of a thicker mud cake, a complement to the 
method is now under development which consists of recording 
simultaneously with the MicroLaterolog an additional curve 
analogous to a MicroLog curve, whereby a correction for the 
effect of the mud cake is provided. Improvements in the Micro- 
Laterolog electrode system are also under way wherein the 
effects of the mud cake will be less than with the present 
equipment. 

The main feature of the MicroLaterolog is that it gives the 
value of the resistivity R,, of the flushed zone, i.e., of the zone 
in the permeable formation, close to the wall of the hole, where 
most of the original fluids have been displaced by the mud 
filtrate. In that respect the MicroLaterolog has an important 
advantage over the MicroLog, not only because the determina- 
tion of R,, is possible, even for formations of low porosities 
and consequently of high formation factors, but also because 
R,, can be read directly from the MicroLaterolog in all cases 
when the mud cake is not too thick. 


The value of R,., obtained from the MicroLaterolog in all 
cases, or from the MicroLog in formations of high enough 
porosity, is a great help for the determination of the formation 
factor and of the porosity. Knowledge of R,, is also important 
for the determination of R, from the macrologs by means of 
departure curves or other interpretation charts in which the 
resistivity of the invaded zone has to be taken into account. 
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A LABORATORY INVESTIGATION OF OIL DISPLACEMENT 
FROM POROUS MEDIA BY A LIQUEFIED PETROLEUM GAS 


J. H. HENDERSON, GULF RESEARCH AND DEVELOPMENT CO., PITTSBURGH, PA., MEMBER AIME, AND N. B. GOVE, 


JUNIOR MEMBER AIME, H. J. LEDBETTER AND J. D. GRIFFITH, GULF OIL CORP., TULSA, OKLA. 


ABSTRACT 


The results of a series of laboratory flood tests using liquid 
iso-butane to displace refined oils from test cores are pre- 
sented and interpreted on an empirical basis. The study 
revealed the similarity of the miscible liquid displacement to 
that of the immiscible-fluid displacement mechanism. The efh- 
ciency of the iso-butane flood decreased markedly as the oil 
viscosity increased, but the effect of injection rate on the effec- 
tiveness of the primary production stage was negligible over 
the range investigated. The presence of free-gas saturation 
prior to iso-butane breakthrough increased the volume of iso- 
butane required to recover a given percentage of the oil pres- 
ent. Injection of liquid iso-butane prior to water flood resulted 
in a marked improvement in oil recoyery by the water flood. 


INTRODUCTION 


The production of petroleum is often enhanced by the injec- 
tion of extraneous fluids into the reservoir. It has been sug- 
gested that the injection or cycling of a wet gas or a liquefied 
petroleum gas would be instrumental in increasing the efh- 
ciency of oil recovery to a greater degree than the commonly 
injected fluids, dry gas and water. Although instances of 
injection of light liquid hydrocarbons are not unknown, a sys- 
tematic recording of the results is unavailable: and superfi- 


IReferences given at end of paper. 

Manuscript received in the Petroleum Branch office July 31, 19652. 
Paper presented at the Fall Meeting of the Petroleum Branch in Houston, 
Tex., Oct. 1-3, 1952. 
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cially, the practice gives the impression of being economically 
unsound. 

For specific types of displacement, analytic solutions have 
been advanced which aid in understanding the physical mech- 
anisms involved. However, there is no generalized theoretical 
concept which permits adequate prediction of displacement 
efficiency from a knowledge of readily measured reservoir rock 
and fluid properties. The Buckley-Leverett’ approach to oil 
displacement by an immiscible phase is an admirable analysis 
of that type of mechanism. Dykstra and Parsons’ have intro- 
duced a useful concept in their evaluation of the role of the 
mobility ratio and its merit in rationalizing displacement 
phenomena. Everett, Gooch and Calhoun® in their report on 
the effect of viscosity ratio and miscibility have pointed out 
the lack of a comprehensive theoretical approach and _ the 
desirability of investigating the mechanism of miscible-miscible 
displacement. 

In lieu of a well-developed theory concerning miscible- 
miscible displacement and in yiew of the scarcity of engineer- 
ing information on actual LPG injection trials, the limited 
program of laboratory experimentation described below was 
undertaken. 


OBJECTIVES 


The original broad objectives of the program, to study the 
oil recovery process using LPG as the displacing phase, 
defined the direction and scope of the laboratory tests. The 
specific objectives of the experimentation were to evaluate 
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the following factors using core samples containing oil and 
interstitial water. 


. The effect of oil viscosity on recovery efficiency. 
. The effect of displacement rate on recovery efficiency. 


Ww bo 


. The effect of an initial free gas saturation on recovery 
efficiency. 


4. The effect of LPG injection preceding a water flood. 


MATERIALS AND CONDITIONS OF TEST 


Test Cores 


The cores used in the flood tests were. Alundum samples,* 
one in. diameter by ten in. long ranging in permeability from 
180 to 400 md, and Berea sandstone, one in. diameter by 
four in. long. When it became evident that the Berea cores 
were yielding the same information as the larger Alundum 
cores, the use of Berea sand was abandoned. It was more 
dificult to establish reproducible initial oil-water saturation 
conditions, due to the clay content of the sand and the neces- 
sity of working with smaller quantities of fluid. 


*Manufactured by Norton Co., Worcester, Mass. 


Test Fluids 


The interstitial water present in all tests was distilled 
water. The displacing phases were liquid iso-butane (technical 
erade) for the LPG flood tests and distilled water for the 
water floods. The displaced oils were refined products chosen 
to give a wide viscosity range. Use of crude oils for the study 
of possible interstitial precipitation of asphaltic constituents 
fell beyond the scope of the project. The oils used are listed 
below with their viscosity at 70°F, the approximate tempera- 
ture of the experiments. 


Displaced Oil Viscosity (cp) at 70°F 


n-heptane 0.4 approx. 
Soltrol C* 
Mineral Oil A 14.7 
Mineral Oil B 187.0 


Preparation of Core for Flood Tests 


The stipulation that the test cores contain interstitial water 
for the LPG floods necessitated the following preparation. The 
Lucite** molded core, clean and dry, was water saturated 
and weighed prior to oil saturation. Little difficulty was 


*Manufactured by Phillips Petroleum Co., Bartlesville, Okla. 
**Product of E. I. du Pont de Nemours & Co., Wilmington, Del. 


Table 1 — Representative Isobutane Flood Tests 


Initial Oil Production Oil Saturation Oil 
Saturation % of Initial Oil Jo Pore Volume Injection Ratio* Viscosity Injection 
Pore OnE. at at at at at 75% at cp at Rate 
Core Volume Oil H:O Breakthru Completion Breakthru. Completion Recovery** Completion 10°F ml/min. 
Effect of Viscosity 
J-1 30.92 82.1 17.9 11.8 94.5 72.4 4.7 Qik 5.0 187. 0.39 
401 md 29.56 81.5 18.5 16.6 99.5 62.8 0.3 Sil 5.9 14.3 0.39 
Alundum 30.98 76.6 23.4 16.8 98.5 63.6 Heit 4.3 6.6 14.3 0.38 
30.46 Whee 22.8 30.6 100. 54.0 0.0 2.0 4.6 4.8 0.37 
30.98 72.6 27.4 42.7 41.6 re a a 1.5 0.34 
30.58 81.8 18.2 12.0 93.6 Fao ap 4.3 6.6 187. 0.37 
30.75 68.0 32.0 31.0 46.8 RS 0.38 
30.60 78.4 DAG 12.5 86.0 68.5 11.0 4.9 6.8 187. 0.35 
30.60 78.4 21.6 34.2 100. Hen 0.0 = 22a 5.0 4.8 0.35 
30.60 78.4 21.6 66.7 83.1 26.2 0.35 
30.60 78.4 21.6 Se 90.4 49.0 7.6 14.3 0.35 
30.60 78.4 21.6 39.5 99.8 47.5 0.2 a “ea 14.3 0.35 
30.60 78.4 21.6 83.3 100. el 0.0 1.0 1.4 0.4 0.37 
28.30F 81.3 18.7 31.8 94.3, 55.4 4.6 = 5 4.8 0.35 
28.307 81.3 18.7 31.8 95.3 55.4 3.9 Se coe 4.8 0.35 
28.30; 813 18.7 34.3 98.6 1.2 = 4.8 0.35 
28.30¢ 81.3 18.7 34.8 97.2 53.0 4.8 0.35 
Effect of Injection Rate 
J-2 29.08 75.4 24.6 32.8 98.5 50.7 Ue 1.6 4.1 4.8 0.33 
180 md 29.17 74.3 DAY 98.5 il! 2.4 6.3 48 0.55 
Alundum 29,25 72.9 27.1 Dor 98.0 54.5 1.4 Des 4.4 4.8 0.23 
28.88 74.8 PAS 24,1 100. 56.8 0.0 3.7 4.8 0.21 
28.84 74.4 25.6 24.4 97.8 55.7 1.6 Dall 5.2 4.8 0.37 
28.84 1232 26.8 23.6 100. 55.9 0.0 22, OR) 4.8 0.52 
29.11 73.9 26.1 98.9 0.9 2.4 4.8 0.54 
. Free Gas Saturation — Effect of Injection Rate 
J-5 29.67 49.9 25.8 40.6 96.1 29.6 0 2.6 6.4 4.8 0.39 
185 md 2968 50.0 25.5 10.8 96.0 44.7 2.3 6.1 8.8 4.8 0.52 
Alundum 29.60 50.0 24.0 5.4 84.6 47.3 7.6 8.1 ] 1.4 4.8 0.98 
29.70 50.0 23.6 7.4 89.8 46.3 ul 6.9 9.8 4.8 0.26 
30.04 49.9 28.7 25.3 98.7 OURO 0.7 3.8 6.1 4.8 0.35 
29.85 50.0 30.3 30.6 92.8 34.1 3.6 4.4 8.4 4.8 0.34 
29.83 50.0 31.8 30.2 100. 34.2 0.0 Sell 9.3 4.8 0.38 
29.55 50.0 27.6 33.8 92.9 Bow a0) 3.4 7.6 4.8 0.35 


*Injection Ratio: 


7Pore volume reduced by cutting off ends of core. 


Volume iso-butane injected 


Volume dead oil produced 
**75 per cent recovery of oil present at start of iso-butane injection. 
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FIG. 1—SCHEMATIC FLOW DIAGRAM FOR INVESTIGATION OF OIL 


DISPLACEMENT BY ISOBUTANE. 


encountered in reproducing the effective pore volume so 
determined for each test (note tabulated data, Table 1). 
In an attempt to attain a water-oil distribution simulating a 
water-wet reservoir, one end of the water-saturated core was 
placed in contact with a water-saturated porcelain barrier, 
and the test oil was permitted to enter the opposite end under 
a pressure of 28 psig. The water displaced by this capillary 
desaturation was measured volumetrically and provided the 
determination of initial oil saturation. Al] test cores were 
prepared in this manner, except a small number in which 
the desired oil saturation was established by dynamic dis- 
placement of iso-butane which remained from the preceding 
test. 


Displacement of Oil from 100 Per Cent 
Liquid Saturated System 


The cores for this type of flood test were removed from the 
capillary desaturation cell to the apparatus shown schematic- 
ally by Fig. 1, where they were subjected to a liquid iso- 
butane flood. 


Displacement of Oil from Cores Containing 
a Free Gas Saturation 


For this type of flood test, the oil-water saturated core from 
the capillary desaturation cell was subjected to a nitrogen 
drive to 50 per cent oil saturation at a mean pressure roughly 
equivalent to that of the LPG flood to follow. This procedure 
was adopted on the rigorously-unjustified assumption that at 
the resultant gas-oil-water saturation, the distribution of 
phases would be essentially independent of how the gas satu- 
ration was instituted. 


FLOOD TEST EQUIPMENT AND PROCEDURE 


The equipment for the LPG flood tests, Fig. 1, permitted a 
linear flood of the test core at a mean pressure sufficiently 
high to maintain iso-butane liquefied throughout the test. It 
also provided for collection of the oil production in small 
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volumetric increments under sufhcient pressure to maintain 
the associated iso-butane in the liquid state. 

The schematic diagram of Fig. 1 shows the facilities whereby 
the Lucite molded core could be flushed with oil, water, or 
iso-butane by means of the variable-speed, positive-displace- 
ment pump. The unique item of the assembly was the pressured 
Lucite vessel in which 15 graduated glass cylinders were 
arranged circumferentially. These cylinders were rotated 
during the flood test so that each received only a fraction of 
the total efflux. When the LPG flood was complete these 
cylinders were weathered to atmospheric pressure giving a 
measure of the dead oil produced by the flood action. Judi- 
cious choice of the volumes collected in individual cylinders 
permitted rather precise delineation of the production history 
in the critical range of LPG breakthrough. 


The determination of the initial production of iso-butane 
was essential for definition of the role of dependent variables 
on flood-test results. Fig. 2, representing the production his- 
tory of a typical flood test, demonstrates the difficulty of 
insuring adequate precision. The point of departure of the 
two production curves gave the volume of dead oil production 
at the time of iso-butane breakthrough. If this type of graph 
failed to give definition, an extrapolation to zero of the differ- 
ence between the dead oil and total liquid production defined 
the time of iso-butane breakthrough. In practice, it was 
observed that an experienced operator could determine with 
fair accuracy the time of initial iso-butane production by the 
visual surface activity of the drop formation in the pressure 
cylinder. 

The time lag shown between the start of injection and the 
first production (Fig. 2) represents an accumulation of pro- 
duced liquid between the efflux end of the core and the 
graduated cylinders providing the measurement. When iso- 
butane appeared in the production the accumulated liquid 
drained into the cylinders causing an apparent increase in the 
rate of production. The discrepancy between the slope of the 
injection curve and the total liquid production curve after 
breakthrough is a reflection of both the liquid drainage noted 
above and subsequent loss of iso-butane vapor to the receiver. 
As production continued and the receiver volume attained 
iso-butane saturation, the slope of the liquid-production curve 
approached that of the injection curve. The initial operating 
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procedure was to pressurize the receiver with dry nitrogen. 
This resulted in a portion of the initial increments of LPG 
produced being vaporized and not measured as liquid pro- 
duction. The result was an error in the determination of the 
time of iso-butane breakthrough. To minimize this error, the 
receiver was charged with iso-butane gas at its vapor pressure ; 
then the total pressure was raised with nitrogen to the desired 
receiver pressure normally about 70 psig. 

Upon completion of the LPG flood, the receiver was slowly 
weathered to atmospheric pressure which permitted determina- 
tion of the volume of dead oil produced during each increment 
of measured production. The core was also weathered to 
atmospheric pressure through a cold trap where the iso-butane 
recovered was measured and any production of oil or water 
noted. Such production could be measured only as a “trace” 
and was considered negligible. 

The above described procedures were used throughout the 
series of flow tests with few variations. The data presented are 
the results of such techniques unless otherwise specified. 


PRESENTATION OF RESULTS 


Table 1 lists representative experimental results of three 
series of iso-butane flood tests conducted, as described below: 
1. Core J-1, 100 per cent liquid saturated, constant injec- 
tion rate; the effect of oil viscosity studied. 

2. Core J-2, 100 per cent liquid saturated, constant oil 
viscosity; the effect of injection rate studied. 

3. Core J-5, initial saturation 50 per cent of pore volume, 
constant oil viscosity; effect of injection rate and the 
presence of free gas studied. 


Initial Saturation Conditions 


Note that for Core J-l, the interstitial water saturation 
resulting from the capillary desaturation technique (runs 
1 to 8) was dependent on the viscosity of the oil used; ihe 
greater the oil viscosity, the lower was the interstitial water 
saturation. This feature was consistently observed on all cores 
tested, and the magnitude of the trend (10 per cent pore 
volume for a viscosity range of 1.5 to 187 cp) shown for core 
J-1 was representative. The inference is possibly justified that 
the trend is a result of unsatisfactory experimental technique. 
It was thought that perhaps the data simply reflected the 
primary sweep efficiency of the oils used, and that poor core- 
barrier contact prevented desaturation after oil breakthrough. 
However, all efforts to improve the core-barrier contact failed 
to erase the trend. The excellent reproducibility of the initial 
water saturations for the other tests, when the same oil was 
used for all tests, does not validate these saturations as the 
true irreducible values. However, in only about one per cent 
of the flood tests was there any water production despite the 
use of high pressure gradients (up to 40 psi/ft). End effect 
was evidently sufficient to retain the mobile water in the core. 


Ultimate Recovery 


The ultimate recoveries for the various test conditions are 
tabulated as oil recovered (per cent oil initially present) and 
oil saturation (per cent pore volume) “at completion.” The 
latter term simply indicates that the measurement of incre- 
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mental elements of production ceased at that stage of recovery. 
All evidence indicates that 100 per cent recovery of oil would 
have been attained in all flood tests had sufficient iso-butane 
been injected. The ultimate recovery in conjunction with the 
injection ratio* listed “at completion” will indicate the vol- 
umes of iso-butane required to attain the residual oil satura- 
tion listed. The consistent approach toward 100 per cent oil 
recovery implies that for both test conditions, either 100 per 
cent liquid saturation or with an initial free gas saturation, 
there was no portion of the oil phase trapped in such a man- 
ner that it was inaccessible to the displacing phase. 

A general assessment of the volume of iso-butane required 
to reduce the oil saturation to only one or two per cent of 
pore volume would be four to six volumes of iso-butane per 
volume of oil produced depending on the oil viscosity. 


Effect of Injection Rate 


The data for core J-2 (Table 1) reflect the results of flood 
tests using nearly identical conditions with the exception of 
the rate variable. The pressure build-up during the initial 


_ *Injection ratio will be used to designate the cumulative volume of 
liquid iso-butane injected per volume of oil produced. 
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displacement history restricted the change of injection rate to 
a 2.6-fold range. Under these conditions, no effect of injection 
rate was discernible on either the magnitude of the oil produc- 
tion prior to iso-butane breakthrough or on the volume of 
iso-butane required to displace 75 per cent of the oil initiall; 
present. However, the volume of iso-butane required to ap- 
proach complete recovery of oil increased with increased 
injection rate. Evidence of this loss of leaching efficiency, as 
the oil saturation became very low, is found in the increase 
of the injection ratio at completion, when the injection rate 
was increased. Note that as the injection rate was increased 
from 0.21 cu cm/min to 0.55 cu cm/min the volume of 
iso-butane required to attain the ultimate recovery shown in- 
creased from a value of about four times the oil volume to 
as high as 7.7 times the volume of oil produced. 

In the study of cores containing a free gas saturation, the 
restriction of pressure gradient on the injection rate was not 
operative, and a four-fold increase of rate was possible. How- 
ever, no effect of rate could be defined that may not be 
attributed to the depleted oil saturation as discussed below. 
The injection rates used were 0.25 cu cm/min to 0.98 
cu cm/min. 

In the wholly liquid-saturated system, the minimum rate 
would correspond to a frontal advance of approximately 15 ft 
per day assuming a 100 per cent sweep efficiency. For oils 
of higher viscosity the primary sweep efficiency would be 
decreased, and the rate of advance of the iso-butane front 
would increase. 


Effect of Free Gas Saturation 


All tests of this series were begun on cores containing a 
4.8 cp oil at a saturation of 50 per cent pore volume and 
interstitial water. Despite the presence of an initial gas satu- 
ration of 20 to 25 per cent, the production occurred in distinct 
primary and subordinate phases. In terms of initial oil, i.e., oil 
present at the start of iso-butane injection, the primary phase 
recovery was 25 to 30 per cent, essentially the same magnitude 
as in the floods of the cores entirely liquid-saturated. The 
most obvious result of the free gas phase was the increase in 
the volume of iso-butane required to remove a given fraction 
of the oil initially present. This is reflected for a given injec- 
tion rate in the increase of the injection ratio at 75 per cent 
oil recovery from about 2.2 for the 100 per cent liquid systems 
to between three and four for the depleted systems. This 
increase is far too great to be explained by the “fill-up” vol- 
ume of iso-butane required to replace the free gas and hence 
must reflect a decreased efficiency of the leaching process. 


The increase in injection ratio at completion is more pro- 
nounced than in the case of 100 per cent liquid saturation. 
increasing from a nominal value of four to five per cent for 
the 100 per cent liquid systems to nominal values of six to 
nine for the depleted systems. In addition, it is to be noted 
that although the oil saturations at completion were only on 
the order of two or three per cent pore volume, they were 
approximately twice those of the wholly liquid-saturated 
systems. 


Effect of Oil Viscosity 


The role of the viscosity ratio in fluid-displacement me- 
chanics has been fairly well defined for immiscible fluids. 
Although its role in the displacement of an oil by a miscible 
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FIG. 4— EFFECT OF VISCOSITY RATIO ON OIL SATURATION AT ISO- 
BUTANE BREAKTHROUGH. 


liquid has been largely conjecture, the test results showed 
the oil viscosity to be the most critical variable studied. The 
effect of oil viscosity on the establishment of interstitial water 
saturation has already been noted. The data for core J-1, 
Table 1, are representative of the effect of oil viscosity. 

Oils of 187, 14.3, 4.8, 1.5, and 0.4 cp viscosity were dis- 
placed by iso-butane of approximately 0.15 cp viscosity. 
Individual capillary desaturation was used to establish the 
interstitial water saturation for most tests, although among 
the data tabulated for core J-1 are two series of tests where 
the water saturation was established using the 187 cp oil, 
and subsequent oil saturations attained by dynamic displace- 
ment of the iso-butane remaining from the preceding test. 
Although the correlation of the flood results with oil viscosity 
was evident without the data secured in this fashion, the tech- 
nique was believed to be valid and the data are included in 
the eraphical presentations. 


Primary and Secondary Phases of Production 


One of the empirical measurements most useful in the 
evaluation of displacement mechanisms is the effectiveness of 
the primary production phase or the segment of oil produc- 
tion prior to breakthrough of the displacing phase. The 
measurement of the effect of oil viscosity on the iso-butane 
flood tests depends largely on evaluating the relative magni- 
tude of the oil production before and after the initiation of 
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CORE J-1. 100 PER CENT LIQUID SATURATION, ISOBUTANE FLOOD. 


iso-butane production. The results are shown graphically by 
Figs. 3, 4, and 5. 

Fig. 3 is a semi-log plot of viscosity ratio vs oil production 
prior to iso-butane breakthrough. Despite the scatter of data, 
a distinct trend is evident showing decreased primary phase 
production of oil with increased viscosity ratio. This-trend is 
apparent despite the fact that for the high viscosity oils, the 
oil saturation was as much as 10 per cent pore volume higher 
than in the tests using low viscosity oils. 

Fig. 4 shows the correlation between viscosity ratio and oil 
saturation at initiation of iso-butane production. A trend of 
increased oil saturation with increased viscosity ratio is appar- 
ent. The magnitude of the difference between the breakthrough 
saturations for the oil of 1.5 cp and the 187 cp oil is 30 per 
cent of pore volume, while the difference of initial oil satura- 
tion cited above is only 10 per cent. Both Figs. 3 and 4 
portray unsmoothed data showing the scatter of test results 
so prevalent in flood tests. This scatter forced the utilization 
of an extreme viscosity range to establish that the effects of 
oil viscosity were real, not just a fortuitous sequence of normal 
scatter. 

Fig. 5, a bar graph, is based on smoothed values of inter- 
stitial water saturation, and oil saturations at iso-butane break- 
through resulting from the flood tests on core J-1. Each section 
represents the numerical averages of the test data for the oil 
viscosity noted. The presentation is self-explanatory, each bar 
being divided into segments representing in terms of per cent 
pore volume, the magnitude of the interstitial water saturation, 
the primary phase of production, and the subordinate produc- 
tion. This presentation shows strikingly the effect of oil vis- 
cosity, the primary phase accounting for production of 83 
per cent of the recovery of 0.4 cp oil while only 10 per cent 
of the 187 cp oil was recovered prior to iso-butane production. 


Iso-butane Injection Prior to Water Flood 


The oil-water viscosity ratio is a major factor in the dis- 
placement efficiency of a water flood. Figs. 6 and 7 show the 
effect of prior iso-butane injection on a water flood of a gas- 
oil-water saturated core. Liquid iso-butane equivalent to 12 
per cent pore volume was injected into cores containing 50 
per cent oil saturation, approximately 25 per cent interstitial 
water and 25 per cent nitrogen gas. 

Fig. 6 shows production curves for core J-2 when 50 per 
cent initially saturated with oil of 4.8 and 14.3 cp viscosity. 
The beneficial effect of the iso-butane injection is immediately 
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evident, the increased recovery by water flood being 15 per 
cent of the initial oil in the case of the 14.3 cp oil and 12 per 
cent for the 4.8 cp oil. Note the production curve for straight 
iso-butane flood of the 4.8 cp oil compared to that of the 
straight water flood. The volume of iso-butane injected before 
water flood was approximately one half the free gas volume 
initially present. 

Fig. 7 demonstrates the benefit derived by permitting a time 
lapse between iso-butane injection and the water flood. The 
results shown are self-explanatory, the initial test conditions 
being virtually the same as those of Fig. 6. Curves B, C and D 
show respectively the production history of water flood imme- 
diately following iso-butane injection, water following iso- 
butane after 35 minutes, and after 18 hours. The water flood 
following the iso-butane injection after a time lapse of 35 
minutes resulted in an ultimate oil saturation of 18 per cent, 
only slightly lower than the 21 per cent from the water flood 
which followed iso-butane immediately. However, when a time 
lag of 18 hours was permitted, the residual oil after water 
flood was only 14 per cent pore volume compared to 28 per 
cent for a water flood with no prior iso-butane injection. Curve 
A shows the result of iso-butane injection following a water 
flood, and suggests the possibility of water injection preceding 
LPG injection in depleted systems containing a free gas 
saturation. 
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DISCUSSION OF RESULTS 


Limitations of Flood Test Data 


The data of Table 1 and the graphical presentation of the 
role of oil viscosity show the scatter that resulted from the 
flood tests which were conducted under supposedly identical 
test conditions. The observance of this scatter in the first 
stages of the experiments, and the inability to lessen its mag- 
nitude, forced a decision as to the validity of flood tests in 
evaluating the effect of the variables studied. 


The influence of oil viscosity.was so pronounced when the 
range of viscosities studied was extended that there was little 
question of confusing normal scatter with real effects. How- 
ever, a positive effect of injection rate on oil recovery prior 
to iso-butane production could not be demonstrated in the 
range permitted by the experimental set-up. 


Definition of iso-butane breakthrough was largely dependent 
on the judicious experimental isolation of small increments 
of production just preceding and following the initial iso- 
butane production. Evaluation of the overall error inherent 
in the results tabulated is difficult, since the accuracy of the 
determination is dependent on operational skill and experi- 
ence. However, a portion of the data listed for core J-1 pos- 
sibly serves to measure the optimum scatter to be expected 
for a single operator conducting duplicate experiments. Note 
that for the last four determinations listed, the oil viscosity. 
injection rate, and initial saturations were the same for all 
tests. Here the agreement of the iso-butane breakthrough 
values is within three per cent of the oil initially present. Con- 
sideration of other tests using differing initial saturations and 
different injection rates for the same viscosity oil raises the 
scatter to 4.2 per cent. A fair appraisal of the scatter due to 
error in determining iso-butane breakthrough would be about 
five percentage points in terms of both oil recovery and oil 
saturation. 


The tabulated data for core J-2 probably represent the 
optimum reproducibility of flood tests where the core was 
cleaned, dried and resaturated for each experiment. The varia- 
tion in initial oil-water saturation was less than 2.5 per cent 
pore volume and the oil used was the same for all tests. At 
iso-butane breakthrough the oil recovery ranged from 23.6 to 
32.8 per cent of initial oil and the oil saturations from 50.7 to 
57.1 per cent pore volume. Although the rate of injection was 
increased 2.6 times, the scatter of results could not be corre- 
lated with the increased rate, forcing the conclusion that for 
the range of flow rate tested there was no effect on oil recov- 
ered in the primary production stage or in the volume of 
iso-butane required to attain 75 per cent oil recovery. 


A pertinent example of the necessity for caution in the inter- 
pretation of results may be found among the data tabulated 
for core J-5. Note that there are three markedly low values 
listed for the per cent oil produced at breakthrough. Note 
also from the chronological sequence of listing that these 
low values occurred on the second, third, and fourth flood 
tests on this core. The first, second and third tests reflected a 
consistent increase in injection rate, the implication being that 
the increase in rate was systematically influencing the oil 


recovery during the primary production phase. However, ob- 


serve that on test run No. 4 the rate was only one-fourth that 
of test No. 3, but the primary oil recovery was again very low. 
The illusion of rate effect was destroyed, and an explanation 
of the apparent anomalous behavior was in order. Preceding 
test No. 5 the core ends were dressed with a diamond tool to 
remove any plugging that might have occurred. Note the 
relative stability of the remainder of the test data. The appar- 
ently anomalous values cited doubtless have a logical physical 
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FIG. 7 — OIL RECOVERY USING ISOBUTANE SLUG AND WATER FOR DiS- 
PLACEMENT. EFFECT OF ISOBUTANE CONTACT TIME. 


explanation, but the trend must not be attributed to change 
of injection rate. 

A rationalization of the situation having some merit is that 
progressive plugging of the core ends induced a more pro- 
nounced “end effect” which caused early breakthrough of 
the displacing phase. However, strictly speaking, this is con- 
jecture and interpretation of the effect of injection rate must 
exclude the data in question. 


CONCLUSIONS 


Subject to the limitations of the experimental program and 
the uncertainties of interpretation discussed in the preceding 
section, the following items are deemed conclusive regarding 
the use of iso-butane as an oil displacement medium. 


1. The ultimate recovery of oil attained was normally greater 
than 95 per cent of the oil initially present. In the case of 
the wholly liquid saturated systems the volume of. iso- 
butane required to attain this recovery was about four to 
six times the volume of oil produced. 

2. The recovery of iso-butane from the flooded cores by reduc- 
tion to atmospheric pressure was essentially 100 per cent 
efficient. 

3. The effect of oil viscosity was the dominant variable affect- 
ing the relative magnitude of the primary and subordinate 
phases of oil production. Oil -iso-butane viscosity ratios 
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from 3 to 1,250 were studied with the magnitude of the 
respective primary production phases being about 80 and 
10 per cent of the oil initially present. 


. No effect of changing the iso-butane injection rate was dis- 


cernible on the efficiency of oil displacement up to 75 per 
cent oil recovery. 


. In the presence of 20-25 per cent free gas saturation, iso- 


butane injection produced a primary production phase dur- 
ing which the oil produced was roughly equivalent (in 
terms of oil initially present) to that from the wholly liquid 
saturated system. However, the subordinate stage of oil 
production was less efficient when free gas was present. 

Injection of iso-butane into the gas-oil-water saturated sys- 
tems prior to a water flood resulted in a marked increase 
in the effectiveness of the water flood. An iso-butane flood 
following a water flood suggested that the prior injection 
of water into a gas bearing sand might increase considerably 


the efficiency of a LPG flood. 


. The improvement of water flood effectiveness by prior injec- 


tion of iso-butane was amplified by permitting a time lapse 
between iso-butane and water injection. 
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ABSTRACT 


The mechanism by which an electrical potential difference 
is developed between two salt solutions separated by shale is 
shown to be a consequence of the electrical double layer of 
the shale surfaces. A mathematical derivation is presented to 
show the dependence of the potential on the shale character- 
istics and on the concentration of the salt solutions. The equa- 
tions developed describe adequately the potential-concentration 
behavior of a long shale core. The equations also describe the 
variation of potential of sand-shale mixtures with variation of 
clay content. Ion adsorption is an important factor in the 
development of the surface charge on the shale, and electrical 
resistivity and ion transference number data are employed to 
estimate the increase of surface charge with concentration. 
Since the potential is shown to be dependent on the charac- 
teristics of the particular system, water salinities estimated 
from the potential log by previously proposed methods may 
be low in some cases. 


INTRODUCTION 


That the electric well log exists today may be attributed to 
the ingenuity of the Schlumberger brothers,’ who adapted io 
the logging of wells techniques which were originally devel- 
oped as surface prospecting methods for the location of ore 
bodies. Empirically, it was found that the potential curve of 
the electric log usually gave values for clean sands which 
were negative with respect to the values for shales. It was 
suggested that the potential was responsive to porosity. It 


1References given at end of paper. 
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was postulated, in explanation, that the potential was the sum 
of a streaming potential, which differed for sands and shales. 
and of an “electro-chemical” potential of undetermined origin. 

Mounce and Rust’ in 1943 showed that the streaming poten- 
tial is small in most cases and that the potential is generated 
by a process in which shale and a salinity difference play 
essential parts. Dickey,“ in the same year, concluded that ihe 
potential is dependent upon adsorptive properties of reservoir 
rock. 

Wyllie.” in 1949, and Wyllie and Patnode,’ in 1950, meas- 
ured the potentials between two salt solutions separated by 
barriers of either naturally-compacted or artificially-compacted 
shales and concluded that the potential can be expressed by 

a, 


F 


where 
E is the potential 
R is the gas content 
F is Faraday’s constant 
T is the absolute temperature 
d;, a. are the activities of the two uni-univalent solutions 


These authors postulated that shale, in the ideal case, is 
impermeable to the migration of negative ions. Any potential 
less than the “ideal” shale potential was considered to be due 
to imperfections in the shale barrier. Although the studies by 
Wyllie and Patnode of the development of the shale potential 
are fairly recent, investigators’ in fields other than well 
logging have discussed the mechanisms responsible for analo- 
gous potentials over a period of several decades. 

Although it is evident that much thought has been devoted 
to the question of the origin of the potential observed in wells, 
it is also apparent that all of the explanations presented to 
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‘date have short-comings. In consequence, the work described 
in this report was undertaken to provide a better understand- 
‘ing of the origin of the potential and of the factors which 
influence its magnitude. 


DEVELOPMENT OF THE GENERAL THEORY 


It has been mentioned that Mounce and Rust demonstrated 
that the conditions necessary for the development of the poten- 
tial they observed are, first, a difference in composition of 
aqueous fluids, and, second, the presence of colloidal clay. 
That the presence of colloidal clay is essential may be taken 
as a point of departure for the following development. Electro- 
kinetic potentials are not considered here since in most cases 
such potentials are negligible. 


Charge on Clay Surfaces 


The salient characteristic of shale or of other colloidal 
material is its surface property which permits adsorption of 
ions from solution. The nature of all naturally-occurring clays 
and shales is such that, when in contact with saline solutions 
comparable in composition to subsurface waters, the particles 
are negatively charged with respect to the solution.” This arises 
from adsorption on the particle surface of more negative ions 
than of positive ions, as illustrated in idealized form by Fig. 1. 

Several points are exemplified by Fig. 1. First, although 
some positively charged ions are indicated as residing at the 
surface of the clay particles, the charges on the surface are 
shown to be predominantly negative. Second, the contra-ions, 
the positive ions, are illustrated as being concentrated around 
the particles, but a short distance removed. Third, the total 
number of negative charges is shown to be equal to the total 
number of positive charges. 


The Electric Double Layer 


The electrical nature of the diffuse ionic layer and the dis- 
tribution of ions in its structure have been discussed in the 
classic theories of Helmholtz,”, Stern,”, Guoy,” and others; 
more recently an excellent discussion has been published by 
Verwey and Overbeek.” Briefly, the accumulation of the excess 
negative charges on the surface produces an electrical field 
which attracts the positive ions, and, were it not for their 
thermal agitation, these positive ions would migrate to the 
surface and neutralize the negative charges. It is apparent 
from Fig. 1 that, referred to the solution far away from the 
surface, a relatively large negative electrical potential exists at 
the clay surface. The potential becomes less negative as the 
layer of contra-ions is traversed, becoming zero at some point 
far away from the surface where no electrical forces are 
exerted on the ions by the surface. At this point equal popula- 
tions of positive and negative ions are found. The distance 
through which this electrical attractive force is operative, the 
thickness of the so-called “ionic” layer, is determined essen- 
tially by the concentration and kind of ions in the solution.” 
The actual distribution of the positive and negative ions 
through the layer is fixed by the equilibrium resulting from 
the simultaneous action of the electrical forces of the charged 
surface and the thermal agitation of the ions, and, at a given 
temperature is determined by the magnitude of the surface 
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FIG. 1 — SCHEMATIC ILLUSTRATION OF CHARGES ON CLAY PARTICLES. 


charge. There is evidence” that in many cases the magnitude 
of the surface charge may increase with increasing concen- 
tration. There is a strong possibility that this is the case in 
clay-electrolyte systems. 


The Double Layer in Compacted Shale 


The foregoing discussion has implied that the clay particles 
are discrete, each possessing its own ionic layer essentially 
independent of the surface charges on adjacent particles. 
When the particles are brought into closer proximity the ionic 
layers can no longer be assumed to be uninfluenced by the 
presence of other particles. But, however the ionic distributions 
are modified or distorted, the essential structure of the ionic 
layer still exists. 

If, for example, a number of clay particles are compressed 
into a unit so that a pore is produced which contains a portion 
of the intermicellar solution, the solution contained in the 
pore will have a higher concentration of mobile positive ions 
than mobile negative ions. This results from the immobilization 
of a portion of the negative ions by adsorption on the clay 
surface comprising the walls of the pore. If the pores are suf- 
ficiently large the solution in the center of the pore beyond 
the effect of the surface charges consists of equal numbers 
of positive and negative ions. This “center-most” solution is 
the same as that outside the pore in the body of the solution. 
If the pore diameter is small, or the thickness of the ionic layer 
great, so that the surface charges are effective throughout the 
pore, then at no point will the solution have the same compo- 
sition as that outside the pore. Instead, it will have everywhere 
a higher concentration of mobile positive ions. 

A shale is a mass of clay particles, or aggregates of clay 
particles, which enclose a network of a very large number of 
interconnecting pores. When a shale is brought into contact 
with a saline solution and is allowed to become saturated, 
throughout all the pore channels the total concentration of 
mobile positive ions is higher than the concentration of mobile 
negative ions. At the boundary between the pore network and 
the saline solution an abrupt transition in ion concentration 
occurs. This situation is illustrated by Fig. 2. The solution in 
the shale is more concentrated in mobile positive ions than is 
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tthe external saline solution. It is to be expected that an elec- 
‘trical potential difference will accompany this ionic concen- 
tration difference. 


Simplified Mathematical Model 


Such an ionic concentration difference with its concomitant 
phase boundary potential is found at any interface between 
a shale and an ionic solution. For example, it exists between 
a shale and an ionic solution contained in the pores of a con- 
tiguous inert material such as sand, or between a shale and a 
contacting ionic solution containing dispersed solids, such as 
aqueous drilling fluid. If a shale is used to separate two saline 
solutions of different concentrations, then two phase boundary 
potentials will exist, not necessarily of the same magnitude, 
so that a net potential difference will exist between the two 
solutions. Further, since the two solutions are of different con- 
centration, diffusion will occur through the shale and, in gen- 
eral, a diffusion potential will be produced. Thus, when a 
shale is used to separate two saline solutions, three sources of 
electrical potential between the solutions are to be expected: 
two phase boundary potentials and a diffusion potential. 


The Phase Boundary Potential 


When the pore sizes in the shale network are small it makes 
little difference whether the negative charges be considered as 
immobilized and concentrated on the pore walls or considered 
as uniformly distributed through the solution contained in the 
pores but not free to move. If it is assumed that the latter is a 
sufficiently accurate representation, the phase boundary poten- 
tial can be calculated in a manner derived by Debye (private 
communication, March, 1952). On this basis the solution con- 
tained in the pore network and the adsorbed negative ions 
may be considered together as a solution, to be called the 
internal solution, containing the net adsorbed negative ions 
as uniformly distributed negative charges, fixed in space, of 
concentration n, per cm® of the internal solution. At the bound- 
ary between this internal solution, and an external solution 
with which the pore network is in contact, a transition of ion 
concentration occurs as discussed above. For simplicity the 
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equations will be derived for the potential between internal 
and external solutions of a univalent salt, such as NaCl. 


At any point in the ionic transition layer where the electrical 
potential is ®, referred to the external solution far away from 
the phase boundary, the concentration of positive and negative 
ions, assuming no ion interaction, can be expressed by Boltz- 
mann’s distribution 


kT 
E® 
kT 
(1) 


where 

n, is the concentration of the univalent positive ions 

n, is the concentration of the univalent negative ions 

n is the concentration of the univalent positive or negative 
ions in the external solution far away from the phase boundary 
where the potential is defined to be zero 

k is Boltzmann’s constant 

T is the absolute temperature 

€ is the charge of a univalent ion 


The relation between the potential at any point in the layer 
and the difference in the number of positive and negative ions, 
i.e., the net charge density, at that point is given, for equilib- 
rium conditions, by Poisson’s equation. This equation, consider- 
ing variation only in the x-direction, may be written 

4ar 


where p is the net charge density. 


The net charge density at any point in the internal solution 
can be expressed in terms of the potential by use of Equa- 
tion (1): 

Ed 


This equation is simplified by making the substitutions 


® 
kT 
8rn€* 
\ DkT 


so that the dimensionless form 
2 


and 


No 
—— = Sinh ¢ + — (4) 
CLAY PARTICLE é 2n 
‘ "8 Since the distribution of the fixed negative charges was 
ze assumed to be uniform throughout the internal solution, the 
+ potential becomes constant in the internal solution at a point 
a short distance removed from the phase boundary. The differ- 
moat ence between this potential and the reference potential in the 
PARTICLE Sena 2 = external solution is E,, the phase boundary potential. 
— Equation (4) becomes at this point 
+ n 
of 2n 
- therefore, 
+ kT No 
In | —+ 
€ 2n 2n 

FIG. 2—SCHEMATIC ILLUSTRATION OF CLAY-SOLUTION BOUNDARY. millivolts, 
Vol. 198, 1953 PETROLEUM TRANSACTIONS, AIME 43 


T.P. 3500 


MILLIVOLTS 


PHASE BOUNDARY :POTENTIAL 


1.0 
EQUIVALENTS PER LITER 


SOLUTION ACTIVITY 


140 
| 
a 
| 
S 40 —— 
n 
| 

a 
0.01 


No? EQUIVALENTS. PER -EITER 


FIG. 3 — VARIATION OF PHASE BOUNDARY POTENTIAL WITH n, AND 
SOLUTION ACTIVITY. 


the minus sign indicating that the internal solution is at a 
more negative potential than the external solution. Thus the 
equilibrium phase boundary potential, at a given temperature, 
depends only on the ionic concentration, n, and the concen- 
tration of the fixed negative charges, n,. Similar forms of 
Equation (5) can be derived for solutions of other than uni- 
univalent salts. 

Equation (5) can also be derived from thermo-dynamic con- 
siderations’ if both the external and internal solutions are 
assumed to be ideal. The equation was derived in the preceding 
manner because of its close alliance to the actual mechanism 
by which the Donnan ion distribution, necessarily assumed in 
the thermodynamic treatment, is established. Further, by re- 
placing Poisson’s equation with the proper electrodynamic 
expression relating potential and charge density in the non- 
equilibrium state, the same type derivation should permit cal- 
culation of the change of phase boundary potential with time 
in transient states. 
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The variation of the potential E, with n and n, as calculated 
from Equation (5), is shown in Fig. 3. As a first approxi- 
mation to the correction for the assumed absence of ion 
interaction, n is expressed as the activity, rather than the 
concentration, of the external solution. Although it would be 
desirable to correct for ion interaction in the internal solution, 
this would involve multiplying n, by the activity coefficient 
for the mobile negative ions in the internal solution. Since 
these activity coefficients are not known, the values of n,. 
shown in Fig. 3 should be considered as the products of n,. 
and the appropriate activity coefficients. 

If a shale barrier is used to separate two salt solutions of 
the same salinity, a phase boundary potential exists at each 
interface, equal in magnitude, so that no potential exists 
between the two solutions. If the solutions are of different 
salinities the phase boundary potentials are different in magni- 
tude at the two ends and a potential difference does exist 
between the two solutions. 


The Diffusion Potential 


When the shale barrier is used to separate salt solutions of 
different salinities a concentration gradient is established in 
the shale and ions tend to diffuse from the more concentrated 
to the more dilute end. As the ions diffuse through the system, 
a diffusion potential is usually produced as a result of the 
difference in the mobilities of the various kinds of ions. This 
potential can be calculated from the equations” describing the 
change of ionic concentration with time at any point. The fol- 
lowing derivation will illustrate the calculation for the diffusion 
of Na* ions and Cl ions through the internal solution. The 
change of concentration with time at any point is given by 


On, on, of 
kT Ny (6) 
ot Ox Ox Ox 
On» On. ob 
ot Ox Ox Ox 
where 
n, is the concentration of the positive ions (Va‘) at the point 
considered 
n, is the concentration of the negative ions (Cl) at the point 
considered 


“, is the Na* ion mobility 

is the Cl’ ion mobility 

t is the time 

Since the ion excesses which are responsible for the diffusion 
potential are negligible with respect to the total concentra- 
tions, the individual ion concentrations will satisfy the con- 
dition for electrical neutrality 

At steady state, Equations (6) and (7) may be immediately 
integrated, and, by substituting (8), assuming n, constant, 
and remembering that Na* ions and Cl ions must diffuse in 
equal numbers, the following relation between potential and 
concentration is obtained 

Ob kT My — My On, 

=- 


which, when integrated for diffusion from point A to point B 
where the Na‘ ion concentrations are my and nip, respectively, 
gives 


kT — 
Ey = In 


Nis — M2 No 
(10) 
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When n, is zero, i.e., when there are no fixed charges, Equation 
(10) reduces to the usual form 


4 


(11) 


It is easily seen from Equation (10) that when n, becomes 
large with respect to the external concentrations, the diffusion 
potential approaches zero. Although a large concentration 
difference may be maintained across a shale sample, it may 
result in only a negligibly small diffusion potential. Fig. 4 
illustrates graphically the dependence of the magnitude of the 
diffusion potential on the value of n, and on the difference in 
activity of the two external NaCl solutions with which the 
shale, i.e., the internal solution, is in contact. It was assumed 
in the calculation of the curves of Fig. 4 that an equilibrium 
ion distribution existed at each phase boundary. 


The Mounce Potential 


It has been mentioned that the potential between two salt 
solutions of different concentrations separated by a shale bar- 
rier is the algebraic sum of the two phase boundary potentials 
and the diffusion potential. This concept was used by earlier 
investigators of membrane potentials, and it was just this type 
potential which Mounce and Rust reported with naturally- 
occurring sands and shales. This is a perfectly general phenom- 
enon common to all porous materials through which ions can 
diffuse, but the phrase “Mounce potential” will be used to 
refer to that potential measured between solutions separated 
by earth materials. Thus the Mounce potential for a shale with 
a high value of fixed charge density will be predominantly 
the algebraic sum of the two phase boundary potentials; the 
Mounce potential for a clean sand will be just the diffusion 
potential; and the Mounce potential for a sand-shale mixture 
will often be intermediate, since the fixed charge density may 
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FIG, 4—DIFFUSION POTENTIAL BETWEEN NaCl SOLUTION OF INDICATED 
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possess a value in the range in which both phase boundary 
and diffusion potentials have appreciable magnitudes. 


Relation of Simplified Model to Actual Pore Systems 


Although the principles involved are of a general nature, 
the mathematical expressions have been limited to the special 
case in which the internal solutions have been assumed free 
of ionic interaction, and the fixed negative charges have been 
assumed independent of the concentration of the internal 
solution. 

In applying Equation (5) to the Mounce potential, the 
assumption is made that the equilibrium equations will apply 
even though diffusion occurs across the phase boundary. This 
is a good representation for the usual case, where the diffusion 
rate is low. 

Although, for simplicity, it has been assumed that n, is 
independent of the concentration of the internal solution, it 
is more to be expected that n, increases with increasing con- 
centration, reaching an essentially constant value at high con- 
centrations. The concentration gradient existing through a 
shale sample separating solutions of different salinities may 
result in a similar variation of n,. In this case the value of n, 
will be lowest at the dilute phase boundary and increase 
through the sample. The phase boundary potential difference 
in this case is not confined to the dilute interface but a 
potential gradient extends through the shale to the point where 
the highest value of n, is reached. It is this value of n, which 
should be used to evaluate the phase boundary potential. 


EXPERIMENTAL VERIFICATION 


Ion Distribution at the Phase Boundary 


Certain feature relating to the ionic distribution at the 
phase boundaries can be verified experimentally. As pointed 
out in a previous section the internal solution contains a higher 
concentration of mobile positive ions, both Na* and H’*, and 
a lower concentration of mobile negative ions, both Cl and 
OH, than does the external solution. 

The distribution of the H* and OH ions at the phase 
boundaries was observed by the addition of pH color indi- 
cators to jelled external solutions of 0.03N and 1.0N NaCl 
solutions separated by barriers of compacted bentonite or of 
naturally-occurring shales. Although in each case, the external 
solution became more basic at each of the two clay-solution 
interfaces, the change was more pronounced at the boundary 
of the clay with the dilute solution, as expected from theoreti- 
cal consideration of the relative magnitudes of the two phase 
boundary potentials. When compacted bentonite was used the 
color developed at the interface on the surface of the clay 
indicated that the solution at that point, presumably repre- 
sentative of the internal solution, had become quite acid. The 
Mounce potential was found to be greater than 40 my, dilute 
solution positive, for both the compacted bentonite and the 
shale. From these experiments the following conclusions may 
be drawn: 

1. The internal solution of the samples used contained a higher 
concentration of mobile positive ions and a lower concen- 
tration of mobile negative ions than did the external solu- 
tion, as indicated by the H® ion distribution. 

2. The difference in ion concentrations between the internal 
and external solutions was more pronounced at the clay- 
dilute solution interface than at the clay-concentrated solu- 
tion interface. 
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These results and conclusions are in accord with the theory 
discussed previously. 


Comparison of Observed and Calculated 
Mounce Potentials 


To test experimentally the applicability of Equations (5) 
and (10), which are of the same form as those given by 
Teorell” and by Meyer and Sievers,” in describing the varia- 
tion of the Mounce potential with concentration of solutions, 
use was made of a core sample of shale 12-in. long and 34-in. 
in diameter. The sample was taken from the Spraberry for- 
mation of West Texas. The clay fraction of this material is 
essentially an illite associated with a chloritic material of clay 
habit. This substance was particularly suitable for this study 
as it was well compacted and showed no tendency to disperse 
in dilute solutions. 


The core was allowed to stand in 3.0N NaCl for a period of 
several weeks before assembling in the apparatus used for 
determination of the Mounce potential. The core was used to 
separate 3.0N NaCl from 0.0285N NaCl. for a period of more 
than 90 days during which time it was found that the potential 
did not vary with time when the solutions were maintained 
constant in composition. The core was then used to separate 
the 0.0285N “reference solution” from a test solution, which 
was varied in successive determinations from 3.0N NaCl to 
0.00375N NaCl. The final value of Mounce potential was 
usually obtained in a period of several hours, but in each case 
the potential was not recorded until at least 12 hours had 
elapsed. 


In Fig. 5 the potential in millivolts is plotted against the 
activity of test solution 


activity of 0.0285/N solution 
ity coefficients were taken from Lewis and Randall.” Also 


logarithm of the ratio . The activ- 
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FIG. 5— CALCULATED AND OBSERVED MOUNCE POTENTIALS. 
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Table 1 — Resistivity and lon Transference Number 
Data — Spraberry Shale 


: Solution in Equilibrium Shale Saturated Solution in 


with Shale with Solution Shale 
“Nornidlity Calculated 
Equivalents Resistivity Resistivity Resistivity Transference 
per Liter Ohmmeters Ohmmeters Ohmmeters Number 
0.0285 2.80 324 0.221 0.91 
0.100 0.934 159 0.104 0.94 
1.00 0.121 111 0.076 0.80 
5.00 0.04.2 61 0.042* a 


*Assumed Equal to External Solution Resistivity. 


shown in Fig. 5 are Mounce potentials calculated for several 
values of n,. It can be seen from Fig. 5 that if a value of n, 
of about 1.25 is assumed the simple mathematical model 
describes the behavior satisfactorily. 


Physical Significance of n, 


In order to investigate the physical significance of the value 
of n, required to effect agreement between the calculated and 
observed data, it was necessary to evaluate this quantity inde- 
pendently from other phenomena which are dependent upon 
the quantity of fixed charges. Direct measurement of the ion 
transference numbers through the shale, when coupled with 
measurement of the resistivity of the solution in the shale, 
provides information on the concentration of the ions in the 
solution contained in the pores of the shale. The equation 
relating the resistivity of the solution, ion mobilities, and ion 
concentrations is 


— = 96,500 (4.7, men.) ohm” em” “(12) 


and the Na* ion transference number is given by 
My Ny 


Ty, = ———————__. .. .. .. (18 


where ¢ is the solution resistivity 

u, is the Na* ion mobility 

is the Cl ion mobility 

n, and n, are the ion concentrations 

The products «,n, and un, were determined for a sample of 

Spraberry shale by direct measurement of resistivity and 
Washburn-Hittorf transference numbers when in contact with 
salt solutions. 


Table 1 presents the experimentally determined values of 
transference number and shale resistivity and calculated values 
of the resistivity of the solution contained in the pores of the 
shale. The geometric factor required for the calculation of the 
latter values from the shale resistivities was determined from 
the shale resistivity when in equilibrium with 5N NaCl on the 
assumption that at this concentration the resistivity of the exter- 
nal and internal solutions are essentially the same. Substitution 
of the ion mobilities at infinite dilution into these products 
established lower limits to the ion concentrations in the inter- 
nal solution. These concentrations were used to estimate more 
appropriate ion mobilities for the internal solution, which were 


then employed to establish probable upper limits to the ion 
concentrations. 


Fig. 6 shows the variation of n, with concentration for the 
Spraberry shale sample as computed in accordance with the 
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foregoing considerations. The vertical lines represent the range 
of uncertainty introduced by uncertainties as to the mobilities. 

That the values of n, shown in Fig. 6 are generally some- 
what higher than the value 1.25 indicated by the calculated 
Mounce potential curves of Fig. 5 probably reflects the assump- 
tions previously discussed regarding ion interaction in the 
internal solutions which were made in the calculation of the 
Mounce potential curves. The values of n, shown in Fig. 6 
which are the most nearly comparable, from the standpoint of 
assumptions involved, to the 1.25 value from Fig. 5 are those 
calculated from the mobilities at infinite dilution. It is evident 
from Fig. 6 that these values of n, estimated from resistivity 
and transference data corroborate the value estimated from the 
Mounce potential measurements based on similar assumptions. 

Fig. 6 indicates that n, increases with increasing concentra- 
tion of the external solution. The likelihood of a dependence 
of n, on concentration was pointed out in a preceding section. 
The apparent increase of n, with concentration is reminiscent 
of the Freundlich adsorption isotherm, and supports the view 
that the development of the Mounce potential is the result of 
an adsorption phenomenon. 


IMPLICATIONS OF THE THEORY 


Expressed in the mechanism as outlined are certain implica- 
tions concerning the variation of the potential with various 
factors of practical interest. It can be seen from Equations (5) 
and (10), or from Figs. 3 and 4 that when n, is large with 
respect to the solution concentration (activity) the Mounce 
potential is independent of the value of n.. However, when 
the solution concentrations attain values such that the potential 
is dependent on the quantity n,, changes in those factors which 
determine the magnitude of n., such as character and com- 
paction of shale and quantity of clay in sand-shale mixtures, 
will produce noticeable changes in the potential curve. 


Effect of Character of Shale 


The colloidal activity of clays is markedly different for 
different clay species. Among the common types, montmoril- 
lonite is generally the most “active” with illite and kaolinite 
decreasing in that order. It would be expected that for two 
clays of the same degree of compaction, montmorillonite would 
have a higher value of n, than would illite. Thus the theory 
predicts that for certain salinities, the higher the colloidal 
activity of the shale, the higher, i.e., the more positive, is the 
potential measured on the electric log. This could result in a 
distinct break in the “shale base line” at a contact between 
shales of different colloidal character. 


Clay Content of Sand-Shale Mixtures 


The value of n, for a sand-shale mixture is dependent upon 
the percentage of shale in the mixture as well as upon the 
character of the shale and pore configurations of the system. 
The minimum amount of shale in a given sand-shale mixture 
which produces a potential indistinguishable from that given 
by the pure shale is dependent upon the concentrations of the 
solutions. For a given set of solutions clay quantities less than 
this value will produce potentials less positive than given by 
the pure shale. 
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Griffiths” examined the shale content of core samples from 
wells in Trinidad, and by comparing the shale content with the 
potential curve of the electric log, showed that samples con- 
taining more than about 30 per cent shale gave potentials 
indistinguishable from pure shale. 

Bacon” has published data showing Mounce potential as a 
function of the amount of kaolin in kaolin-sand mixtures. These 
data have been utilized in determining the following relation 
between clay content and n, which gave the best representation 
in this particular case 

n, = 0.0016 (per cent clay)°” 
for clay contents from one per cent to ten per cent. 

It is most unlikely that this relation is of general applica- 
bility to naturally-occurring sand-shale mixtures. Its signifi- 
cance lies in demonstrating an approach to the problem of 
relating potential to the amount of shale in mixtures. 


Effect of Shale Density 


Just as the value of potential is dependent under certain 
circumstances upon the character of shale and upon the dilu- 
tion of shale by non-colloidal material, so it may also depend 
upon shale density or degree of compaction. Again, this effect 
is caused by variation of n,. 

If the particles of a particular shale be assumed to undergo 
no significant change in colloidal character with compaction, 
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then n, increases with increasing shale density. In a well, this 
can result in a gradual drift of potential with depth for grad- 
ual changes of shale density, or it can cause an abrupt shift 
of the potential curve at abrupt changes of shale density. 


Estimation of Salinity of Interstitial Water 


Equations of the Nernst form have been used to estimate 
the salinity or resistivity of the interstitial water of a 
formation.” 

It should be noted that equations of this type apply in gen- 
eral only to the potential difference between clean sand and 
shale, and then only when the n.,-salinity ratio indicates linear- 
ity of the phase boundary potentials with the logarithm of 
the solution activity. As shown by Fig. 3, this is not always 
the case, so that caution must be used-in making estimates of 
interstitial water salinity or resistivity from the potential log. 


Effect of Foreign Ions 


Since n, reflects the adsorption of negative ions on clay par- 
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DISCUSSION 
By L. de Witte, Continental Oil Co., Ponca City, Okla. 


The explanation of the origin of the electrochemical poten- 
tials observed in wells follows the general lines of the theories 
on membrane potentials observed in other branches of electro- 
chemistry. The quantitative expressions arrived at by this 
theory seem to be consistent with experimental observations 
on various types of shales. The variations in the magnitude of 
the potentials with values of n, illustrate the extent of the 
possible variations of shale potentials in oil wells. 


For the quantitative interpretation of the SP curve we are, 
however, generally more concerned with the variations of the 
potentials across sandstones, depending on their content of 
interstitial clay, than with the variations of the shale potentials. 
In most sedimentary sections we can find some relatively pure 
and well compacted shales for which n, is large and for which 
the shale potentials follow approximately the Nernst equation. 
We can use these ideal shales to establish a base line from 
which the sandstone and limestone deflections may be 
measured. 

An important question is, therefore, whether the assumptions 
made in the derivation of the phase boundary and diffusion 
potential equations hold true for the case of shaly sands. 

We have started to investigate this problem experimentally 
and a limited number of data have been obtained. Fig. A shows 
a set of theoretical curves for the potentials across samples 
for various values of n,. We note that for the lower n, values 
there is a marked decrease in the magnitude of the E.M.F. for 
the higher activities of the test solution. 

Fig. B shows some experimental plots obtained for two types 
of shaly sandstones. The shape of the curves is different, and 
especially so for the cleaner samples. To permit easier com- 
parison, two of the experimental curves have been super- 
imposed on the theoretical family of curves. 

The deviation between the experimental and _ theoretical 
values may be partly due to improper experimental conditions, 
which will have to be checked on a more elaborate scale. 

On the other hand, we must recognize that the assumption 
that the fixed negative charges are uniformly distributed 
throughout the internal solution is not close to reality in shaly 
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sandstones where the open pore space is largely compared to 
the amount of interstitial clay particles. 


The error in this assumption may be responsible for a large 
part of the observed deviation. It may be necessary to resort 
to empirical methods to make the proper adjustments to the 
equations for the potentials across shaly sandstones. The 
work done by the Humble research group, however, is an 
important step in the right direction. 


AUTHORS’ REPLY TO MR. de WITTE 


We appreciate de Witte’s interest in our paper as evidenced 
by his comments and accompanying experimental data. 

De Witte is of the opinion that the experimental data must 
follow a constant n, line if the assumptions in the derivation 
of the diffusion and phase boundary potentials are correct. 


= 40 
= 
STANDARD SOLUTION 4 
ACTIVITY OF TEST SOLUTION /ACTIVITY OF STANDARD SOLUTION ACTIVITY OF TEST SOLUTION /ACTIVITY OF STANDARD SOLUTION 
FIG. A 
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Because his data do not follow such a line, he suggests that 
the assumptions are not too good for materials of low n,. 

In our paper, it was shown from transference number and 
resistivity data that the n, of Spraberry shale was influenced 
by solution concentration in some concentration ranges. These 
results indicated that n, could become higher as the concentra- 
tion of the solution is increased. The behavior of de Witte’s 
samples may possibly be explained by a change of n, with 
solution concentration, since his values of n, apparently in- 
crease with increasing concentration. 

De Witte implies that the deviation from a constant n, line 
may be more pronounced the less shaly the sample; i.e., the 
lower the value of n,. Subsequent to the appearance of our 
paper, F. M. Perkins, Jr.. of Humble, has obtained data on 
two sandstones which contain relatively small amounts of shale. 


These data, on samples from the Stevens zone of the San 
Joaquin Basin of California and from the Weber sandstone 
from the Rangely Field in Colorado. are shown in Fig. 1-A 
accompanying the present reply. 

Even though the n, values for those samples were lower than 
those of the samples that de Witte examined. the experimental 
points for both samples follow the general shape of theoretical 
constant n, lines at activity ratios greater than one. At activity 
ratios less than one the experimental points deviated from the 
constant n, lines in a manner which suggests that n, for each 
sample increased with increasing concentration in the low 
concentration range, then became sensibly constant at higher 
ranges. This behavior qualitatively is in accord with results 
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discussed in our paper, which were determined by transference 
number and resistivity. It should be expected that, quantita- 
tively. any concentration dependence of n, would depend upon 
the character of the shale or clay in the sample, as mentioned 
in our paper. 

The data which Perkins obtained indicate that materials of 


low n, exhibit essentially the same behavior as those of 
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APPLICATION OF THE MATERIAL BALANCE EQUATION 
TO A PARTIAL WATER-DRIVE RESERVOIR 


A. F. VAN EVERDINGEN, E. H. TIMMERMAN, MEMBERS AIME, AND J. J. MeMAHON, SHELL OIL CO., 


HOUSTON, TEX. 


ABSTRACT 


The present paper contains a method which combines the 
material balance equation’ with the water influx equation’ to 
obtain reliable values for the active oil originally in place 
and a quantitative evaluation of the cumulative water influx. 
The method is illustrated by an application to a reservoir 
without original gas cap. In the absence of an original gas 
cap, results may be obtained using only field production and 
pressure data, PVT analyses, and a minimum of subsurface 
information. 


CHARACTERISTICS OF RESERVOIR AND 
RESERVOIR FLUIDS 


Production in the field under review is obtained from the 
top of the Wilcox formation of Eocene age, at a depth of 
approximately 8,100 ft subsea. The structural map, Fig. 1, 
shows that the accumulation, half elliptical in shape with 
the long axis in east-west direction, is trapped to the north 
and on the upthrown side of a normal fault. A number of east- 
west faults with additional minor faulting in random directions 
are found in the general area, and seismic information and 
production performance indicate in this particular case the 
existence of a second fault a short distance downdip. with a 
strike more or less parallel to the fault controlling the accu- 
mulation. It is estimated that 1,830 acres were originally 
underlain by oil and that the maximum thickness of the orig- 
inal oil column, about 37 ft, was only slightly greater than the 
maximum thickness of the oil-bearing sand. Maximum net sand 
thickness was estimated at approximately 26 ft. From logging 
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and subsurface information the gross sand volume has been 
placed at 37,400 acre-ft, which reduces to about 27,500 acre-ft 
after probable non-productive intervals have been deducted. 
Tke following table presents laboratory analyses data for ile 
Wilcox sand cores. 


Average Average 
Samples Considered Permeability Porosity 
All Samples 236md 19.9 per cent 
Samples with k>1 md 256 md 20.5 per cent 
Samples with k>8 md 275 md 20.9 per cent 


Interstitial water was estimated at 15 per cent. The ini- 
tial gas-oil ratio was approximately’ 900 cu ft/bbl. and the 
initial shrinkage factor was determined by the laboratory to 


FIG. 1 = STRUCTURAL MAP OF FIELD, 
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be 0.65 for average field separator conditions. With these data 
the oil in place was estimated at 24-25 million bbl by volu- 
metric methods, the variation depending upon the minimum 
quality of the sand considered productive by the person 
making the estimate. 


PRODUCTION HISTORY 


Production characteristics of the field are shown on Fig. 2. 
In general, oil production increased rapidly as the field was 
being developed, remained more or less constant during a 
period fluctuating with the per-well allowables, and declined 
after water entered the downdip wells. The fluid capacity of 
the wells, after the entry of water, usually has deteriorated to 
about the capacity of rod pumping equipment. 


THE MATERIAL BALANCE EQUATION 


The material balance equation developed in reference (1) 
may be combined with the water influx term presented in 
reference (2) to obtain the following relation, where all terms 
are expressed in reservoir volumes: 

(Cumulative oil produced and its original dissolved gas) 

+ (Cumulative free gas produced) + (Cumulative water 

produced) — (Cumulative expansion of oil and dissolved 

gas originally in reservoir) — (Cumulative expansion of 
free gas originally in reservoir) = (Cumulative water en- 
tering original oil and gas reservoir). 

The above quantities may be expressed in terms of the pro- 
duction and laboratory information available as follows: 


V.=relative total volume or volume occupied by oil 
with its original dissolved gas at reservoir pressure 
and temperature, relative to its volume at bubble- 
point pressure and reservoir temperature. 

C, = shrinkage factor corresponding to bubble-point 
pressure and reservoir temperature. This shrinkage 
factor is the ratio of the volume of tank oil pro- 
duced under specified separator conditions and 
then measured at standard conditions to the vol- 
ume occupied by that quantity of oil and dissolved 
gas under reservoir conditions at bubble point. 

z =cumulative water produced, barrels. 

r = cumulative gas-oil ratio with both fluids produced 
under specified separator conditions and then 
measured at standard conditions, expressed as 
cubic feet per barrel. 

r, = original solution gas-oil ratio expressed as cubic 
feet per barrel. 

FE =volume occupied at standard conditions by that 
amount of gas occupying unit volume at reservoir 
pressure and temperature. 

E,, = E at bubble-point pressure. 

N =volume of oil initially in place expressed as bar- 
rels of tank oil when produced under specified 
separator conditions and measured at standard 
conditions. 

m =ratio of volume of free gas measured at initial 
reservoir conditions to volume of oil initially in 
place, measured at initial reservoir conditions. 

B =a proportionality factor to convert reduced units 
into cubic centimeters and eventually into barrels, 
see Equaion IV-4 of reference (2) and below. 

Ap =the successive pressure drops occurring during 
successive time intervals of equal duration, psi. 

+ =a dimensionless function of production time in 
reduced units, 7, and the ratio of aquifer radius 
to oil reservoir radius. Its value for the infinite 
aquifer is given in reference (2), as a function 
of T. The cumulative water influx, Q, is related to 


Qr by Q = BE(Ap Qr). 


Several of these terms require further explanation. 


Pv 

py 

where 
Py = the saturation pressure, 
Dp =the pressure at any other time, 
is 
p(y ] ) 


Y is a function relating the increase in total volume relative 
to that at bubble-point pressure with pressure as presented in 
reference (3). Numerical values of Y are computed by placing 
laboratory-measured values of (V,—1) in the above equation. 
The values of Y usually fall on a straight line when plotted vs 
the pressure, p, which relation can be expressed as Y = a+ bp 
and then used in the above equation to determine consistent 


n - Nm values of V, for all pressures. 
CG 56LE Ca CG E From the PV data for the reservoir fluid used in the follow- 
ing illustration, it was found that Y could be defined by the 
Y = 1.73117 + 0.00042536 p, 
where 
n =cumulative production of tank oil when produced *° that 
under specified separator conditions and then 
measured in barrels at standard conditions. BY 1.73117 p + 0.00042536 p? “tl sin (2) 
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PV data also indicate that E may be expressed by the fol- 
lowing equation for the pressure range involved in this study: 
5.615 = — 158.107 + 0.455244 p — 0.000025854 


Nm 
The term (E,/E-1) signifies the expansion of the 


b 
free gas cap. A value for m must be selected from subsurface 
information, since experience has shown that material balance 
equations will not yield reliable values for the size of the 
original gas cap, and, at the same time, for the amount of oil 
originally in place. In the illustration under consideration, no 
free gas was present, and m = 0. 


Bz(Ap Qr) is equal to the cumulative water influx into the 
original oil-bearing portion of the reservoir. B is a proportion- 
ality factor which is evaluated during the computations. 


Reference (2), Table 1, shows the relationship between Q» 
and reduced time, 7, for the case of an infinite aquifer. Re- 
duced time, 7, is related to time in seconds, t, by the equation 


kt 


fucry 


where 
T = reduced time defined by above equation. 
k = permeability in darcys. 
t =time in seconds during which the pressure drop 
has been operative. 
-At = production time in seconds between successive 
uniform intervals for which calculations are made 
(t = At times number of uniform intervals). 
f = porosity, a fraction. 
c = compressibility of water, vol/vol/unit pressure 
change. 
viscosity of water, cp. 
square of radius of oil-bearing portion of reser- 
voir, sq cm. 


| 


If these parameters of the reservoir and the time in seconds 
are known with reasonable accuracy, corresponding values of 
Q, are easily obtained. Only an approximate value for 7 is 
required, since its proper value can be obtained more accu- 
rately by least square methods. In the illustration under con- 
sideration. computations are undertaken at equal time intervals 
of three months or 7.89x 10° seconds. A value for AT of 
around nine units is calculated for the following values: 
permeability, 0.275 darcy; porosity, 0.209; viscosity of the 
water in the aquifer, 0.25 cp; compressibility of water, 
10“%/atm.; and 4.71x 10" This conversion implies 
that the proper value for AT may be somewhere between 2 and 
40, and computations were undertaken for AT = 2, 5, 10, 15, 
25, and 40 to determine the best value. 


The Superposition Theorem detailed by Equation IV-13 
and Fig. 1 of reference (2) is used to obtain values of 
>(Ap Qvr). Instead of considering the entire pressure drop 
(p,—p:) as being effective during the time interval AT = 1, 
a better approximation is obtained by using for the first 
pressure drop a value of 14(p.-p:), effective from AT =1 
onward. The second pressure drop equal to 4%4(p,—ps) + 
Vy (p;—p») = %(p.—p:) is effective during the second and 
all subsequent time intervals. . Similarly, 4(p,—p.) + 
14 (p.—p:) = Y%(pi-ps) is effective over the third and all 
subsequent time intervals. The intervals are always of equal 
duration. The accuracy of the approximation is improved but 
the work is increased by the use of short time steps. The vari- 
ous pressure drops are multiplied by the values of Qr associ- 
ated with the time each pressure drop has been operative and 
the sum of these values at any desired time, when multiplied 
by the factor B, is equal to the cumulative water influx into 
the reservoir at that time. 
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In the proposed method, cumulative data are used in the 
material balance calculation. Inasmuch as the coefficients of 
N and B are increasing with time due to the pressure dropping 
further below saturation pressure, the production and _pres- 
sure data for later periods influence the results obtained from 
Equation (1) more than data of equal reliability for the first 
years of exploitation. In order to give all information used 
about the same relative importance, the equations are weighted 
by dividing each equation by the coefficient of NV to obtain the 
modified equation 

N nV ./Cy + n(r—r,)/5.61E +2z- BZ(Ap Or) 

(21) 
for ease of presentation, the term 


nV ./ Cy + n(r—7) /5.61E + z 


is replaced by 


WV. 
in the sample calculations. 


RADIAL FLOW 


Assuming radial influx of water from an infinite aquifer, 
calculations were undertaken to determine the amount of 
active oil initially in place and the cumulative water influx 
into the oil-bearing portion of the aquifer. This work can best 
be understood by study of Table 1, parts 1, 2, and 3, for the 
case of AT = 15. 

Columns I, V, and VIII show the cumulative tank oil pro- 
duced, and the cumulative gas-oil ratio, and the cumulative 
water respectively, at the end of each three months. The avyer- 
age reservoir pressure at the end of each quarter, obtained 
from pressure surveys, is recorded as Column X. From the 
average reservoir pressures and Equation (2), the correspond- 
ing relative total volumes were computed and recorded in 
Column IJ. Equation (3) was used to compute the values 
recorded in Column VI for the gas expansion factor, 5.61E, 
at the end of each time interval considered. The values of 
the reservoir volumes of the total cumulative production shown 
in Column IX were obtained from this information. 

The initial pressure at datum was 3,793 psia, and the 
bubble-point pressure at 3,690 psia was reached Jan. 1, 1943. 
Since it is desired to express all terms in relation to bubble- 
point conditions, suitable correction was made for the expan- 
sion of the reservoir fluids prior to reaching this point by 
decreasing the reservoir volume of the cumulative production, 
Column IX, by the expansion of the contents of the oil-bearing 
portion of the reservoir during 1942 (estimated at 85,000 bbl) 
to obtain Column XIV. 

The drainage boundary pressures, Column XI, were obtained 
by estimating the pressure prevailing at the intersection of 
the original oil-water contact with the top of the productive 
formation from pressure maps prepared for most surveys. This 
information was used to obtain values of Ap presented in 
Column XIII. 

Column XV (Part 2 of Table 1) records the reduced time, 
which is equal to the value of AT employed times the number 
of the time interval. Column XVI shows the value of Q» as 
read from Reference (2) Table 1 for the corresponding value 
of T. The cumulative products, =(Ap Qs), are shown in 
Column XVII. 

The tabulation now contains sufficient information .o insert 
values in the modified material balance equation: 


y — 85,000 Qr) 


Since this equation containing two unknowns has _ been 
written once for each three-month period, 36 equations are 


(9) 
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available at the end of 1950. The method of least squares’ 
was used to obtain two “normal” equations as shown below 


from ‘“‘n” material balance equations such as (5). 
V.-1)/G, V.-1)/C, 
(V -1)/C, V.-1)/Cy 
WiGs 


the material balance equation, (5), at the end of each time 
interval. The next five columns contain the values for the co- 
efficients of N and B and for the known term in the “normal” 
equations (6) and (7). At the end of each three-month period 
the two “normal” equations are solved as illustrated at the 
bottom of Table 1, Part 2. The resulting values of N and B 
are given in Columns XXVI and XXVII. 


The above paragraphs contain a description of the essen- 
tials of the method. Some of the parameters entering into the 
time conversion are not accurately known, hence computations 
similar to those detailed above were made for values of 
AT = 2, 5, 10, 15, 20, 25, and 40. The resultant values of V 
and B obtained are listed on Table 2 and plotted against time 
on Figs. 3 and 4. 


The value of NV and B should be independent of the time the 


Columns XVIII, XIX, and XX of Table 1 show respectively 


the coefficients of N and B and the known term appearing in 


analysis is made. Thus, 


if the correct time conversion had 


Table 1, Part 3 — Standard Deviation — Radial Flow in Infinite Aquifer Assuming AT = 15 


Best Values at End of 1950, N = 26,146,395 
(From XXVI and XXVII) 


B = 181.891244 


Co‘umn: XXVIII XXIX XXX XXXI XXXII 
W,, — 85,000 = (Ap 
B Sum Difference 
Quarter (V,-1)/¢, N XXIX + XXX XXXI- XXVIII 
1942 1] 
2 
3 
4 
1943 1 99,172,703 73,129,485 26,146,395 99,275,880 103,177 
2 74,387,827 47,863,398 26,146,395 74,009,793 —378,034 
3 65,867,646 39,911,141 26,146,395 66,057,536 189,890 
4 66,018,172 40,208,566 26,146,395 66,354,961 336,789 
1944 1 69,605,106 43,567,044 26,146,395 69,713,439 108,333 
2 73,246,081 46,966,479 26,146,395 73,112,874 —133,207 
3 75,901,018 49,644,594 26,146,395 75,790,989 289,971 
4 78,756,126 52,615,363 26,146,395 78,761,758 5,032 
1945 u 78,752,071 53,980,477 26,146,395 79,726,872 974,801 
Z 83,014,056 57,487,899 26,146,395 83,634,294, 620,238 
3 88,791,385 62,349,227 26,146,395 88,495,622 —295,763 
4 92,329,341 66,758,342 26,146,395 92,904,737 575,396 
1946 i 98,006,529 72,224,608 26,146,395 98,371,003 364,474 
2 103,953,159 77,780,762 26,146,395 103,927,157 — 26,002 
3 106,530,687 79,948,956 26,146,395 106,095,351 435,336 
4 110,955,677 83,889,537 26,146,395 110,035,932 919,745 
1947 1 113,890,903 86,781,749 26,146,395 112,928,144 962,759 
2 111,537,895 84,679,358 26,146,395 110,825,753 ~712,142 
3 110,290,351 83,908,595 26,146,395 110,054,990 ~235,361 
4 112,327,288 85,894,766 26,146,395 112,041,161 ~286,127 
1948 1 113,476,660 86,968,290 26,146,395 113,114,685 361,975 
2 112,909,264 86,772,542 26,146,395 112,918,937 9.673 
8) 113,717,844 87,540,779 26,146,395 113,687,174 - 30,670 
4, 116,987,452 90,616,667 26,146,395 116,763,062 224.390 
1949 1 119,438,547 93,651,700 26,146,395 119,798,095 359,548 
2 132,837,195 106,398,769 26,146,395 132,545,164 292,031 
3 143,221,031 116,824,703 26,146,395 142,971,098 249,933 
4, 148,180,800 121,791,697 26,146,395 147,938,092 ~242,708 
1950 J 152,788,150 126,832,875 26,146,395 152,979,270 191,120 
2 157,630,903 131,845,702 26,146,395 157,992,097 361.194 
3 162,801,020 137,061,964 26,146,395 163,208,359 407.339 
4 167,478,021 142,220,219 26,146,395 168,366,614. 888,593 


> Difference’ 
> Difference/No. of Values 


Standard Deviation = 


Difference 
No. of Values 


6.5511 x 10” 
2.0472 x 10" 


452,500 
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Table 2 — Values of B and N from Material Balance 


Equations 
Time 
Value of N in Millions of Bbl 

1-1-44. 28.57 27.40 26.47 25.94 25.59 24.86 
45 30.02 28.07 26.68 25.96 25.50 24.63 
46 27.10 26.21 26.08 26.16 26.28 26.78 
47 20.47 22.65 24.42 20130 26.01 27.55 
48 17.86 21.42 23.87 25.10 25.97 27.80 
49 16.73 21.06 23.86 25.26 26.20 28.27 
50 16.52 21.26 24.12 25.57 26.54 28.59 
51 17.09 21.89 24.70 26.15 27.09 29.08 

Values of B 

1-1-44 763.01 406.05 246.47 182.41 146.70 85.66 
45 755.19 404.94 246.38 182.35 146.59 85.38 
46 819.22 424.24 249.67 181.15 143.66 81.04 
47 933.96 455.19 258.05 184.02 144.39 79.71 
48 977.24 465.47 260.75 184.97 144.51 79.30 
49 995.59 468.36 260.76 184.41 143.88 78.59 
50 998.69 466.98 259.68 183.46 143.06 78.14 
51 991.35 462.90 257.50 181.89 141.86 77.54 


been selected, all data used were faultless and no interference 
from other reservoirs was present, all values for N and B 
should be the same. However, the graphs show that the com- 
puted values vary with time. Some variations such as those 
for AT = 2 and 40 are obviously due to an erroneous time 
conversion, complicated by errors in pressure and PV data 
and, possibly, by influence of other reservoirs in the same 
aquifer. In others, like those for AT = 10, 15, 20, and 25, 
the variations due to an error in the time conversion are prob- 
ably minor compared to those due to the other reasons. 


30 \ 
BT=25 
20 Ant = 15 
25 
AT=10 
ws 
\ 
23 
ae 
@ 
21 
20 
\ 

19 

18 

aAhT=2 
17 
16 1943] 1944}1945 |1946| 1947 1951 


FIG. 3 — CALCULATED VALUES OF N AS OF DATE SHOWN FOR VARI- 
OUS VALUES OF /\T. 
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1000 


AT=2 


100 AT=40 


1944] 1945] 1946 | 1947 | 1948 | 1949 | 1950 


1943 


FIG. 4— CALCULATED VALUES OF B AS OF DATE SHOWN FOR VARI- 
OUS VALUES OF AT. 


Standard deviations were employed to determine the value 
of N and B associated with the most reliable value of AT. 
The computed values of N and B for any selected date 
were inserted in Equation (5) and the difference between 

> 

(V.-1)/G, A) Gs 
all prior computation periods. Thereafter, a standard deviation 
was obtained as illustrated by computations on Table 1, Part 3. 
In the same manner, standard deviations were computed for 
values of AT of 5, 10, 15, 20, and 40 for desired dates. This 
information is plotted on Fig. 5 which shows that the method 
gives results which are surprisingly consistent in that the 
minimum AT varies from 12.5 to 16 (28 per cent) and N 
varies from 25,200,000 to 26,100,000 bbl (3.5 per cent). More- 
over, these results also show that the material balance equa- 
tion is successful in indicating a reliable value for the amount 
of oil in place two years after passing the bubble-point, that is, 
on Jan. 1, 1945. This corresponds to a cumulative oil produc- 
tion of 2,200,000 bbl, or less than nine per cent of the oil in 
place, and a pressure drop to 3,375 psia which is 315 psi 
below the bubble-point value of 3,690 psia. 


was determined for 


The amount of water which has invaded the oil-bearing 
portion of the reservoir and is still present therein can be 
determined by inserting a value of B = 195 in the relation 
[B=(Ap -—z]. These values, when correlated with the 
individual well behavior, that is, with the amount of oil pro- 
duced, the water-oil ratio, and structural position, give one 
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way for determining the recovery efficiency and hence the 
ultimate production from the reservoir. 


From the above it is concluded that material balance cal- 
culations based only on production, pressure, and PV informa- 
tion indicate that AT is 14, N is 25.6 million bbl, and B is 
195. Volumetric calculations and core data indicate that N 
should be 24 to 25 million bbl and AT should approximate 
nine. Since the value of N computed by material balance rep- 
resents the surface volume of all active oil originally present, 
whereas N determined by volumetric methods includes only 
that oil present in sand having sufficient permeability to be 
considered producible by the person making the estimate, it 
is felt that the agreement is satisfactory. 


The above computations have all been performed on the 
assumption that the influx of water occurs radially out of an 
aquifer of infinite extent. To prove that the aquifer is not 
limited in extent, similar computations should be undertaken 
using the Qy values for limited radial aquifers given in Fig. 5 
and Table 2 of reference (2). Since the values computed 
using Q, values for infinite radial flow fit the production his- 
tory throughout the 36 three-month intervals considered, and 
the Wilcox sands are known as blanket sands of great areal 
extent, the conclusion seems well supported that for all prac- 
tical purposes the radius of the aquifer can be considered as 
infinite. However, it can be argued that the limits of the 
aquifer were reached some time during 1949 or 1950, and 
that the effect of a limited aquifer is not yet reflected in the 
field data and in the results of the computations. 


LINEAR FLOW 


In the opening remarks of this paper a fault to the north 
of the accumulation was mentioned. Since there is a well- 
established fault bounding the accumulation to the south, the 
thought might arise that the water influx can be considered 
as a linear flow between the two roughly parallel fault planes. 

Reference (2) shows that the cumulative influx, Q,, for the 
infinite linear flow case equals 27°’ T’*, which holds for all 
values of T because variations in the conversion factor, 7, will 
give a second set of values in which all terms are proportional 
to corresponding terms of the first set. 


Table 3 shows the application of the linear infinite aquifer 
case to the reservoir, for AJ = 1. The calculations which are 
similar to those discussed in detail for the radial aquifer 
result in values for NV which vary from 44,023,000 bbl during 
the early producing life of the field to —18,089,000 bbl as of 
1951. Since N should be independent of time, these results do 
not fit the performance history. Hence, the assumption that 
the aquifer is of infinite linear extent must be erroneous. 


CONCLUSIONS 


The analysis shows that 

1. The reservoir is located in an essentially infinite aquifer 
having radial characteristics. 

2. The active oil in place is about 25.6 million tank bbl 
contrasted with 24.0 -25.0 million indicated by the volumetric 
method. 

3. The best standard deviation is obtained for AT = 14 
which is in good agreement with that obtained from the char- 
acteristics of the formation and its contents. 
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B=(Ap Wo — 85,000 
Deviations Based on § ——————— +N 
(Vi 
Date AT B Standard Deviation N(Bbl) 
1-1-45 13.5 195 203,000 26,100,000 
1-1-46 12.5 208 330,000 26,100,000 
7-1-47 16.0 175 418,000 25,200,000 
7-1-49 14.0 195 391,000 25,200,000 
1-1-51 13.0 205 444,000 25,600,000 
1,200,000 
1,000,000 
\ \ /-1-46 
\ 7-1-47 


800,000 


DEVIATION 
++ 
28 


600,000 
a 1-1-45 
IN \ 
< VA 
\ 
400,000 
/-1-44 
200,000 
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AT 


FIG. 5 — STANDARD DEVIATION CURVES. 


4. A reliable estimate of the amount of oil in place is 
obtained two years after the bubble-point has been crossed. 

5. The material balance equation, N(V.—1)C, = (W.- 
85,000) —B=(Ap Qr) preferably should be rearranged in 
W — 85,000 polar Qr) 


in 
(V.-1)C, (Ve-1)/G, 
der to give all information more equal weight in the computa- 
tional procedure employed. 


some manner, such as V = 


or- 
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PRESSURE GRADIENTS IN NATURAL GAS RESERVOIRS 
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ABSTRACT 


Procedures for computing turbulent flow of gas in steady 
state near the well bore and a graphical method for predicting 
unsteady state laminar flow at distances from the well have 
been combined to compute pressure gradients in gas reservoirs. 

Methods are discussed for predicting single and multiple 
transients at constant flow rate in an infinite reservoir, pre- 
dicting constant flow rates in a finite reservoir, reproducing 
and interpreting back pressure test data, and prediction of 
the behavior of a closed-in gas well. An example of the graphi- 
cal method is given for a single transient and the results are 
compared to a published analytical solution. A typical calcu- 
lation of the pressure gradient in a reservoir and the production 
of gas is made starting with data from a back pressure test. 


INTRODUCTION 


The calculation of pressure gradients throughou: a gas 
reservoir at any point in its production history is a complex 
problem involving turbulent flow near the well bore and 
unsteady state flow of the gas from the reservoir. The problem 
is complicated further by the variety of boundary conditions 
that may be imposed upon the flow. Such boundary conditions 
include finite or infinite reservoirs, constant or variable rates 
of production, constant or varying bottom hole pressures, 
complex initial pressure distributions throughout the reservoir, 
and pressure maintenance through cycling. 


In addition to these problems there are the practical diffi- 
culties associated with natural gas reservoir analysis. These 
might include: (1) variations in the permeability and porosity 
throughout the formation, (2) variations in the thickness of 
the formation, (3) communication of the producing formation 
with other producing zones, (4) radial variations in perme- 
ability due to influx of drilling fluid, acidizing, or the buildup 
of liquid in the formation around the well, (5) partial penetra- 
tion of the producing zone, (6) water flood, and many others. 
These problems will be considered eventually. In the mean- 

‘References given at end of paper. 

Manuscript received in the Petroleum Branch office July 2, 1952, Paper 


presented at the Petroleum Branch Fall Meeting in Houston, Tex., Oct. 
1-3, 1952. 
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time, it is necessary to present methods of handling the case 
of radial flow through a homogeneous, regular, producing 
stratum to a single well uncomplicated by other factors. 

The idealized case of steady state, radial flow from a natural 
gas reservoir was studied by Elenbaas and Katz’ and by Mac- 
Roberts.’ An analysis of the unsteady flow of gases through 
porous media has been made by Aronofsky and Jenkins’ for 
the one dimensional laminar case with the boundary conditions 
of constant downstream pressure and uniform initial pressure. 
Solutions for the partial differential equation for unsteady 
state radial flow of liquids through porous media have been 
given by Van Everdingen and Hurst” for the constant bottom 
hole pressure and constant production rate cases for laminar 
flow in a reservoir initially at a constant pressure. The analo- 
gous heat transfer equation has been treated by Perry and 
Berggren’ for the case of quenching a cylindrical hole in an 
infinite medium to a constant temperature. The back pressure 
curve, which involves the variation of the bottom hole pressure 
as it is determined hy the behavior of the reservoir as a 
whole, has been studied by Rawlins and Schellhardt,” Binck- 
ley,’ Baumel and Breitung,’ and others. 

No complete, adequate treatment has been given for the 
unsteady state, radial flow of gases into a cylindrical hole 
from a porous medium with or without the presence of turbu- 
lent flow and for any set of boundary conditions, If one relies 
only on analytical solutions of the basic equations, a new 
solution must be obtained for each new boundary condition. 
Furthermore, the complexity of the mathematical expressions 
for boundary conditions other than the very simple cases limits 
the use of analytical solutions. Graphical methods exist, how- 
ever, that are general in nature, accurate, and readily em- 
ployed. The analysis of steady and unsteady, laminar and 
turbulent, radial flow for various boundary conditions with 
application to specific natural gas well problems by means of 
graphical procedures forms the content of this paper. 


STEADY STATE RADIAL FLOW EQUATION FOR 
LAMINAR AND TURBULENT FLOW 


A steady state radial flow equation for laminar and turbu- 
lent flow through unconsolidated sands has been given by 
Muskat as discussion of the work by Elenbaas and Katz.* 
This equation is based on the properties of unconsolidated 
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particles and cannot be extended to consolidated porous media 
readily. A theory that provides a method for handling laminar 
and turbulent flow through consolidated porous media in terms 
of the permeability, porosity, and electrical resistivity factor 
is now available.“ Equation (1) describes both laminar and 
turbulent flow in terms of fundamental variables. 


/ ki De ks ge Dy 
Equations (2) and (3) can be 

(%) (Ls) 

(Lx') 

3 
(#) (Lx’) 


used to eliminate the unknown quantities Ly and vy, from 
Equation (1). Integrating, neglecting kinetic energy changes 
and inserting the density relationship for gases given by 
Equation (4), 


10 
ko 
0.1 
0.01 
Oo 
5 
| 100 
© SANDSTONE ® LIMESTONE @® DOLOMITE 


FIG. 1 — CORRELATION OF kz. WITH THE ELECTRICAL RESISTIVITY FAC- 
TOR AND PERMEABILITY IN MILLIDARCIES. 
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Equation (5) in terms of measurable quantities is obtained. 


=P) 32F QuzRT 
ky Dy 


2 
ky M g. 


Green and Duwez’ have presented an equation similar to 
Equation (5) which is given here as Equation (6). 


Ps) 2uzRTG, B 2zRTGZ 
15 M M g. 


(61 


Equation (5) would be used in predicting flow in the lami- 
nar and turbulent regions using measured values of perme- 
ability, porosity, and the electrical resistivity factor tagether 
with k, = 0.5 and a value of k, estimated from Fig. 1, which 
is based on an available correlation.* Equation (6) is useful 
in applying laboratory flow data directly to a flow problem. 
Equation (7) is useful in evaluating « and f from laboratory 
data. 

(P= M g. 


In this form a plot of (P;—P) Mg./Ly2zRTuG, vs Gs/u 
on coordinate paper yields a straight line having a slope equal 
to 8 and an intercept equal to a. 


The corresponding radial flow equations in practical units 
are given by Equations (8) and (9). 


(p: — + 


(3.88 x zR T D 
kp"? hive: 


15) 


(1.09 LO) BMOQ wet on 


Equation (8) may be used for predicting the steady state 
radial flow if laboratory flow data are available. It is more 
satisfactory, however, to obtain flow data in both the laminar 
and turbulent regions and to use these data directly in reser- 
voir analysis by means of values of a and 8 obtained from a 
plot of Equation (7) and applied to radial flow problems by 
means of Equation (9). In this regard, the relationship be- 
tween a in feet* units and the permeability in millidarcies is: 


UNSTEADY STATE EQUATIONS FOR LAMINAR 
FLOW OF GAS THROUGH POROUS MEDIA 


The equation of continuity for porous media is given by 
Equation (11). 


Op 0 (pvx) 0 (pry) 0 (pUz) 
00 0x Oy Oz 


62 PETROLEUM TRANSACTIONS, AIME Vol. 198, 1953 


| 
| 
( 
— 


DAVID CORNELL AND DONALD L. KATZ 


Substituting Equation (4), the density relationship for 
gases, and the condition of laminar flow, which is given for 
the x direction by Equation (12), 

= — (K/u) (6P/0x) 


the general partial differential equation governing the laminar 
flow of gases through porous media is obtained as Equa- 


tion (13). 


0(P’) = KP ( 0° (P*) 0 (P*) fs 
oy" oz 


(12) 


13 
00 


In cylindrical coordinates Equation (13) becomes Equa- 
tion (14). 


14 
(14) 


For gas reservoirs in which the pressure drop is small com- 
pared to the reservoir pressure, the KP/u¢ term may be taken 
to be constant using an average pressure. Equation (14) may 
be rewritten as Equation (15) where y is KP,./u@. 


0(P*) CS ) 
00 OF 


Although analytical solutions exist for this equation for cer- 
tain boundary conditions, relatively simple graphical methods 
of solution that permit the use of complex boundary conditions 
and do not necessitate the repeated evaluations of involved 
mathematical functions for each problem may be employed. 


(15) 


GRAPHICAL SOLUTION OF THE PARTIAL 
DIFFERENTIAL EQUATION 


Perry and Berggren’ give the procedure for graphical solu- 
tion by the Schmidt method of heat flow problems which in- 
volye an equation similar to Equation (15). Equation (16) is 
first written in terms of finite increments instead of differentials. 


y Ae (Ar)? r Ar 


(16) 


Equation (17) is identical with (16), the increments being 
written out specifically in terms of subscript notation. 
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FIG. 2 — GRAPHICAL SOLUTION OF UNSTEADY STATE RADIAL FLOW 
PROBLEMS. 


Equation (17) becomes Equation (19). 


P ] Ar 2, 


Ar 


Graphically, a line drawn from (P*) 


(19) 


2 

r—Ar, r+ Ar, 6 
on a semilogarithmic plot of P*® vs r/ry gives the value of P’ 
at r an interval of time later A@ as in Fig. 2. The pressure 
gradient at a given time can be used, therefore, to obtain the 
pressure gradient at some later tinae merely by selecting Ar 
and A@ according to Equation (18) and taking a weighted 
average of two points 2Ar distance apart. The weighting fac- 
tor is seen from Equation (7) to be inversely proportional to 
r. This indicates the use of a logarithmic scale in r, since 

Many boundary conditions may be imposed upon the graphi- 
cal method with facility. Complex initial pressure gradients 
throughout the reservoir need only to be plotted and used 
directly in the calculations. The pressure at the well bore may 
be held constant or allowed to vary in an arbitrary manner 
during the production period. The restriction of a constant 
rate of production may be made by specifying a constant slope 


1 (P’) r,O+A0~ (P") r, 8 of the pressure gradient near the well bore on a plot of pres- 
(=) = sure squared vs the logarithm of the radius. Varying flow rate 
gh Aé@ problems may be solved readily for any behavior desired. 
(Ar)* 
r 2Ar it it, COMBINATION OF LAMINAR AND TURBULENT 
FLOW 
Fig. 2 shows the meaning of the subscripts. 
Choosing A@ as in Equation (18) Gas movement in the reservoir some distance away from 
; the well bore is by laminar flow. At high rates of gas flow, 
(18) turbulence affects the pressure gradient near the well bore. 
27 The equations for turbulent flow are for steady state. Except 
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for short initial periods of flow, gas movement near the well 
bore approximates a steady state while at distances away from 
the well, unsteady states are still relatively important. The 
combination of steady state equations with turbulent flow near 
the well bore and the unsteady state relationships for laminar 
flow at distances from the well permits the solution of prob- 
lems involving both turbulence and unsteady state effects. 
Specific types of problems will now be discussed. 


CONSTANT FLOW RATE TRANSIENT IN AN 
INFINITE RESERVOIR INITIALLY AT A 
UNIFORM PRESSURE 


The information necessary to establish the reservoir pres- 
sure gradient for a single, constant rate transient for a single 
well, with the reservoir pressure initially uniform, at the end of 
a given time includes: 


K — permeability of the formation in millidarcies (or 
a in feet”) 
h — thickness of the formation in feet 
pt — uniform initial reservoir pressure, psia 
Mop —- average viscosity of the reservoir gas, centipoise 
¢ — fractional porosity of the formation 
z — average compressibility factor of the reservoir gas 
| 
5 
3 
2 
pe 4 


ONSTRUC TION “EINES 

PRESSURE 
GRADIENT 

= REGION CORREGTED 

FOR TURBULENCE 


LOG 


FIG. 3 — GRAPHICAL SOLUTION OF RESERVOIR PRESSURE GRADIENTS 
FOR A SINGLE, CONSTANT-RATE TRANSIENT. SINGLE WELL, UNIFORM 
INITIAL PRESSURE, INFINITE RESERVOIR CASE. 
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FIG. 4— GRAPHICAL SOLUTION OF RESERVOIR PRESSURE GRADIENTS 
FOR TWO CONSTANT-RATE TRANSIENTS. RATE 2 > RATE 1. SINGLE 
WELL, UNIFORM INITIAL PRESSURE, INFINITE RESERVOIR CASE. 


T — reservoir temperature, °R 
Q — constant production rate, Mcf/D at 60°F and 14.7 
psia 
@ — total time of the transient, minutes 
4.39 x 10% (pee) 2 
, ft/min 
Mop 


The problem is solved for laminar flow and then is corrected 
for turbulent flow near the well bore. The correction for tur- 
bulence does not disturb the calculations some distance from 
the well bore; hence, the effect of turbulence may be ignored 
during the calculation of the unsteady state laminar flow pres- 
sure gradient and a correction made on the final pressure 
gradient. The slope of the steady state pressure gradient on 
a plot of pressure squared vs the logarithm of the radius is 


_ established by means of the first right hand term of Equation 


(8) or (9). Then the total time of the transient, 6, is divided 
into n increments, A@, such that 6=nAé, and Ar is com- 
puted from Equation (18). The reservoir is then divided into 
n + 1] annular sections each a distance Ar wide radially. 

The graphical solution is started by drawing a line having 
the slope of the steady state pressure gradient established 
above from (pr)*, 2(Ar/r) to the well bore, where r/r, = 
1.0. This corresponds to line 1-1 in Fig. 3. It should be noted 
that in the graphical solution the first time increment always 
involves the assumption of steady state flow. The effect of the 
error of the first increment disappears with successive time 
increments, and the accuracy of many small increments is 
greater than for a few large increments. In this regard, the 
choice of too few increments results in slightly lower pres- 
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sures near the well bore and higher pressures at distances 
away from the well than are actually correct. The construction 
is continued as in Fig. 3. The points 5-5 give the final laminar 
flow pressure gradient, a smooth curve being drawn through 
the points. It can be seen that interpolation is necessary to 
obtain the pressure gradient for even increments of time. 

The final pressure gradient can be corrected for turbulence 
near the well bore by means of the second right hand term of 
Equations (8) and (9). In addition to the information already 
used for laminar flow, it is necessary to know the following 
to predict turbulent flow: 

M — molecular weight of the reservoir gas 

(= gas gravity - 29) 

F —electrical resistivity factor of the formation 

k, —0.5 

k, — Fig. 1 (or 8 in feet’) 

The correction of the pressure gradient at any radius may 
be made by means of Equation (20). 


3.88 x +k,” + 
Wee J ky “Tee 


(20) 


This equation was derived by subtracting the equation for 
the pressure under laminar flow conditions from the equation 
for the pressure when turbulence is present and neglecting 
the reciprocal of 7, as compared to the reciprocal of r.. The 
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FIG. 5 — GRAPHICAL SOLUTION OF RESERVOIR PRESSURE GRADIENTS 
FOR TWO CONSTANT-RATE TRANSIENTS. RATE 2 < RATE 1. SINGLE 
WELL, UNIFORM INITIAL PRESSURE, INFINITE RESERVOIR CASE- 


Vol. 198, 1953 


T.P. 3503 


/ —CONSTRUCTION 
—— FINAL GRADIENT 


rw 


FIG. 6 — GRAPHICAL SOLUTION OF RESERVOIR PRESSURE GRADIENTS. 
FOR A SINGLE CONSTANT-RATE TRANSIENT IN A FINITE RESERVOIR. 


final pressure gradient through the reservoir can be obtained 
by computing the (p’turnuience —P 1aminar) term at increasing 
radii until the correction is no longer significant. The combina- 
tion of the pressures so computed for turbulent flow and the 
graphically determined pressures for unsteady state laminar 
flow comprise the complete pressure gradient from the well 
bore to the extremities of the reservoir. An alternative proce- 
dure, if a and § are available, is to use the second term of 
Equation (9) and proceed in exactly the same manner as with 
Equation (20). 


SUCCESSIVE CONSTANT RATE TRANSIENTS IN 
AN INFINITE RESERVOIR 


In general, well problems will involve more than one tran- 
sient. That is, the well will be produced at a given rate for 
one period of time and the rate may then be changed and 
production continued at some new rate, etc. Several successive 
transients at different rates of flow can be handled readily by 
the graphical procedure. The values of Ar and A@ may be 
kept the same for each transient and the above procedure is 
used for the first rate of flow. For the second and succeeding 
rates of flow the graphical procedure is the same, except that 
the slope for the steady state region is recomputed for the new 
rate and the initial pressure gradient for the new transient 
now becomes the final pressure gradient of the preceding 
transient. In the usual case the time of the transients will not 
be equal, and interpolation of pressures may be required at 
the end of transients for which @/A@ is not an odd integer. 
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Fig. 4 shows qualitatively the graphical solution for two 
transients, the second transient being at a greater rate of 
production than the first. At time 4A¢@ the rate of production 
is increased to a new rate. Accordingly, the slope of the 
pressure gradient becomes greater beginning with the fifth 
increment. The final pressure gradient resulting from the 
two successive transients is given by the points 7-7. As before, 
a correction for turbulence can be made to any of the inter- 
mediate pressure gradients and to the final pressure gradient. 

If the second rate of production is lower than the previous 
rate the method of attack is the same. Fig. 5 shows the con- 
struction for the second rate lower than the first rate. The 
construction for the first flow rate has been omitted for clarity. 
It can be seen that this type of problem is identical to prob- 
lems in which the initial pressure gradient throughout the 
reservoir is complex. If the previous history of the reservoir 
is known, the pressure gradient can be estimated and then 
the computation of the pressure gradient during the desired 
period of time can be made. 


TRANSIENTS IN A FINITE RESERVOIR 


If the reservoir is finite, the graphical solution is modified 
by the boundary condition of a zero pressure gradient at the 
extremity of the reservoir, since the flow rate at the extremity 
must be zero. Fig. 6 shows the construction that satisfies this 
condition for a circular reservoir with the well placed at its 
center. 


io? 
p2p2 
PSIACS 
106 
O 
10° 
103 104 105 
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FIG. 7—A TYPICAL BACK PRESSURE CURVE, SOURCE, BAUMEL AND 
BREITUNG.” 
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FIG. 8 — GRAPHICAL SOLUTION OF THE BOTTOM HOLE PRESSURE 
BUILDUP AFTER SHUTTING IN A WELL OF KNOWN HISTORY NEGLECT- 
ING THE WELL BORE VOLUME, 


REPRODUCING AND EXTENDING BACK 
PRESSURE TEST DATA 


Frequently data on flowing gas wells are reported in the 
form of a back pressure test for which only transient times, 
flow rates, bottom hole pressures, the shut-in pressure, gas 
gravity, reservoir temperature, and formation thickness are 
given. Fig. 7 shows a typical back pressure curve, taken from 
the work of Baumel and Breitung.’ It is of interest to be able 
to reproduce these data to establish a sound basis for extrapo- 
lating the productivity of the well to future times or to other 
rates of production. The procedure to be followed consists of 
three steps: (1) Establish a permeability, porosity, and elec- 
trical resistivity factor (or a and 8) for the formation and 
compute the pressure gradients throughout the reservoir at 
the end of each transient as previously discussed; (2) divide 
the reservoir into annular sections away from the well bore, 
compute the pressure decline in each section at the end of 
each transient from the calculated pressure gradients, and 
compute the total production of gas at the end of each tran- 
sient knowing the volume and pressure decline in each section 
of the reservoir; and (3) compare the computed production 
of gas for each transient with the actual, known production 
and adjust the values of K, F, and ¢ (or a and 8) to cause the 
computed production to match the known production. 


When a satisfactory balance has been achieved between the 
computed and known productions, the material balance for 
each transient is complete and the correct pressure gradients 
are known. It is then a simple procedure to proceed with any 
desired prediction of the reservoir behavior using the properties 
of the formation so established. In practice obtaining the best 
values of K, F, and ¢ (or @ and 8) is a trial and error proce- 
dure but may be worthwhile when a complete reservoir 
analysis is contemplated. 
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INTERPRETATION OF BACK PRESSURE 
CURVES 


The back pressure curve is a measure of the behavior of a 
gas reservoir only to the extent that the pressure gradients 
throughout the entire reservoir are reflected in the pressure at 
a single point, namely, the pressure at the well bore. In order 
for this pressure to have a meaning it is necessary that the 
history of the reservoir prior to the measurement of that par- 
ticular pressure must be precisely defined. Consequently, a 
back pressure curve is obtained by shutting in a well for time 
sufficient to establish relatively uniform pressures in the reser- 
voir and then flowing the well at a series of constant, suc- 
cessively greater, rates for a definite period of time or to a 
predetermined rate of pressure decline. 


The back pressure data are frequently represented by 
Equation (21). 


Q=C(pr'-p.)" 


The exponent n inas been interpreted in terms of laminar 


(21) 


and turbulent flow. Equation (21), however, does not include. 


the effect of the changing radius of drainage during the 
back pressure test. Consequently, the valves of n and C will 
depend upon the manner in which the test is made in addition 
to the characteristics of the formation. The presence of un- 
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steady state effects and the possibility of turbulent flow near 
the well bore makes the problem very complex, so that each 
particular test must be analyzed in detail according to methods 
such as the ones outlined herein. 


VARIABLE RATE TRANSIENTS — SHUTTING IN 
A GAS WELL AFTER A KNOWN PRODUCTION 
HISTORY 


Problems. involving a variable rate of flow may also be 
handled by the graphical procedure. In many of these cases it 
is doubted that analytical methods will ever be developed 
that can rival the graphical method in simplicity. Perhaps the 
most important varying rate case is that occurring when the 
well is shut in after a known production history and for which 
the pressure gradient throughout the reservoir is known. The 
solution in this case would be quite similar to that in Fig. 5, 
except that the rate would vary as the bottom hole pressure 
increased, thus varying the slope of the pressure gradient near 
the well bore during the buildup of pressure. Supplementary 
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GRADIENT 
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FIG. 9 — GRAPHICAL SOLUTION OF A SINGLE TRANSIENT PROBLEM FOR COMPARISON WITH THE 
SOLUTION OF VAN EVERDINGEN AND HURST.” 
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Table 1— Turbulence Corrections in the Well 


Performance Problem 


r/ Tw Correction 
\aminar 
Q = 3,710 Q = 5,980 
il 8,120 21,090 
7 4,070 10,580 
3 2,710 7,030 
5 1,630 4,250 


Table 2— Comparison of Computed and Observed 
Bottom Hole Pressures 


Total Time, Computed Bottom Observed Bottom 
minutes Hole Pressure,psia Hole Pressure, psia 
0 3,127 
180 3,085.4 3,087 
380 3,056.8 3,059 


Table 3— Material Balance at the End of the First 


Transient 
Segment from Pinitial — 
toT,, ft Prinai AP Ap: A(r’) 
0:33 10 22.9 100 2,300 
Oe 18.9 300 5,700 
20. “50 13.6 2,100 28,600 
50 — 100 9.4 7,500 70,500 
100 — 200 7.4 30,000 222.000 
200 -— 500 ES 210,000 315,000 
500  — 1,000 0.1 750,000 75,000 
719,100 
719,100 379 
Production ; = = 719 x 0.683 = 491 Mcf 
1,000 10.7127 


Table 4— Material Balance at the End of the Second 


Transient 
Segment from 
Tq tO Tp, Prinar Ap A(r) Ap: 
0.33 — 10 39.3 100 3,900 
32.0 300 9,600 
20 - 50 23.8 2,100 50,000 
50 — 100 17.6 7,500 132,000 
100 — 200 11.4 30,000 342,000 
200 — 500 4.0 210,000 840,000 
500 — 1,000 0.5 750,000 375,000 
1,000 — 2,000 0.2 3,000,000 600,000 
2,352,500 


2,352,900 
1,000 


Production i = 0.683 = 1,610 Mcf 
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calculations could be made to establish the variation in pro- 
duction rate during the pressure buildup to obtain a solution. 

By neglecting the accumulation of gas in the well bore the 
solution of the pressure buildup problem for a closed in reser- 
voir becomes very simple. The problem is now worked in 
exactly the same manner as the finite reservoir problem except 
that the pressure gradient at the well bore is taken to be zero. 
Fig. 8 gives the details of this simplified case of the pressure 
behavior upon shutting in the reservoir after a known produc- 
tion history. 


COMPARISON OF THE GRAPHICAL METHOD 
WITH THE ANALYTICAL SOLUTION OF 
VAN EVERDINGEN AND HURST 


Van Everdingen and Hurst™ present the analytical solution 
for a single, constant rate transient in an infinite reservoir 
initially at uniform pressure. For the condition: 


h—21 ft cp 
K — 65 md z— 0.87 
P: — 3,127 psia T — 666°R 


ps+pr— 6,214 (est.) psia 6 — 180 minutes 
Q —7,200 Mcf/D (Corresponding to “unit rate’) 
Pp: —p: — 91,000 In r,/r. 
t — 4.12 x 10° (dimensionless) 


Fig. 7 of reference (11) gives a bottom hole pressure of 
3,025.2 psia. Fig. 9 gives the corresponding graphical solution 
using ten 18-minute increments of time. The bottom hole pres- 
sure obtained by the graphical method is 3,022.9 psia. The 
pressure drop agrees within 2.3 per cent. The agreement could 
be improved with the choice of a greater number of increments. 


EXAMPLE CALCULATIONS OF ACTUAL WELL 
PERFORMANCE DATA 


The back pressure data to be considered here are those 
given by Baumel and Breitung’ in their Example No. 2. Fig. 7 
reproduces this back pressure curve. The test data include: 

h — 2] ft 


De — 3,127 psia (24 hour shut in pressure) 

Q, — 3,710 Mcf/D for 180 minutes, p, — 3,087 psia 
Q; — 5,980 Mcf/D for 200 minutes, p, — 3,059 psia 
i — 666° Rankine (266°F) 

M — 20.3 (gas gravity — 0.700) 

Mm — 0.021 cp 

z — 0.87 (average value) 


In actual practice it would be desirable to have experimental 
data on core samples. For calculation purposes the following 
information may be assumed for a first trial calculation: 


K -—88md F — 20.0 
—0.17 —3.0 (Fig: 1) 
Table 5 — Comparison of the Computed and Observed Ty — 0.33 ft 
Productions 
Calculations: 
Y = sq ft/min 
180 49] 464 
Ade = 18 minutes (arbitrary choice) 
1610 y choice 
Li Ar =110ft 
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The first rate of flow is for 10+ A@ and the second rate of flow 
is for 11+ Aé. Fig. 10 gives the graphical procedure. The cor- 
rections for turbulence near the well bore are given in Table 1. 
The final corrected gradient is given in Fig. 10. 


CHECKING THE SOLUTION 


There are two steps to be made in checking the solution: 
(1) Compare the bottom hole pressures at the end of each 
constant rate flow period with the observed bottom hole pres- 
sures; (2) compare the computed total production for each 
flow period with the known production. Each of these checks 
is important. The selection of the properties of the formation 
to be used should be governed by both of these considerations 
rather than attempting to match, say, the bottom hole pres- 
sures with no regard to the production fixed by the resultmg 
pressure gradients throughout the reservoir. Table 2 compares 
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the computed and observed bottom hole pressures in this 
example. 

The production at the end of each increment is found by 
dividing up the reservoir into annular sections, the pore volume 
of each of which is known. The pressure decline in each annu- 
lar segment is read from the pressure gradient curve and the 
amount of gas that must have left each segment is computed. 
This amounts to a material balance on the reservoir. Table 3 
is a material balance at the end of the first transient and 
Table 4 is a material balance at the end of the second 
transient. 


Table 5 shows the comparison of the calculated and actual 
productions from the well. It is evident that a reasonable 
balance has been obtained between the correctness of the 
bottom hole pressures and the production for the first two 
transients. Further work would include the extension of the 
calculations to the second two transients making up this par- 
ticular back pressure test. Undoubtedly a better choice of the 
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FIG. 10 — GRAPHICAL SOLUTION OF PRESSURE GRADIENTS THROUGHOUT A NATURAL GAS RESERVOIR 
DURING A BACK PRESSURE TEST. SOURCE OF DATA: BAUMEL AND BREITUNG.” 
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properties of the formation could be made when all four 
transients are considered. It would be advantageous to have 
as much data as possible on the characteristics of this reser- 
voir to guide the selection of properties of the producing 
formation. 
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NOMENCLATURE 


—pback pressure equation constant 

— effective diameter of the pore structure, ft 

PF — electrical resistivity factor of the formation 
pounds mass x ft 


—convyersion factor, 32.17 
pounds force x second’ 

G, —superficial mass velocity, pounds mass/sq ft x 
second 

h —thickness of the producing formation, ft 

— permeability, md 

k, — dimensionless geometrical constant in the laminar 
term of the flow equation 

ky — dimensionless geometrical constant in the turbu- 
lence term of the flow equation 

Es — overall length of the porous media, ft 

bn — effective length of the flow path, ft 

M — molecular weight 

n -—exponent in the back pressure equation 

je — pressure, lb force/sq ft absolute 

Pr — reservoir shut-in pressure, lb force/sq in. absolute 

De ——bottom hole pressure, lb force/sq in. absolute 

Omer, » —rate of gas flow, thousands of standard cu ft per 


day at 14.7 psia and 60°F 
lb force x cu ft 


R —gas constant, 1,545 
sq ftxlb molex ° Rankine 
r —radius, ft 
— radius of the well bore, ft 
t dimensionless 
li — absolute temperature, ° Rankine 
v —velocity, ft/sec 
Vs ——superficial velocity, ft/sec 
Vz, Vy, V,— velocity components in the x, y, and z directions 
Vy — effective velocity in the pore structure, ft/sec 


10. 


y, z coordinate directions when appearing together 
—compressibility factor of a gas 
—coefficient of the laminar term of the flow equa- 
tion, ft” 
— coefficient of the turbulence term of the flow 
equation, ft* 
-6 
Kora Dave 
Hop? 
—jincrement of time or distance 
— viscosity, lb mass/ft x sec 
—viscosity, cp 
— 3.1417 
— fluid density, lb mass/cu ft 
— fractional porosity of a consolidated bed 
— time, minutes 
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RELATIVE PERMEABILITY CALCULATIONS FROM PORE 
SIZE DISTRIBUTION DATA 


N. T. BURDINE, MAGNOLIA PETROLEUM CO., DALLAS, TEX. 


ABSTRACT 


Formulas for calculating relative permeability from pore size 
distribution data are derived from basic laws of fluid flow in 
porous media. The tortuosity factors that appear in the equa- 
tions are described in terms of the physical properties of the 
medium and the saturations of the contained fluids. Procedures 
for calculating and methods for measuring the tortuosity fac- 
tors are discussed. Values of relative permeability calculated 
by the formulas are compared with results obtained by experi- 
mental measurements. 


INTRODUCTION 


Recently, several investigators’”’* have derived relative per- 
meability equations from Darcy’s and Poiseuille’s Laws in 
which some physical factor or factors describing the porous 
system appear. The factor that has caused the greatest amount 
of comment, and which is probably least understood, is the 
tortuosity of the fluid path in the porous sample. Values of the 
tortuosity factors appearing in the equations range from a 
constant for all conditions of the fluid flow system to an inyerse 
function of the pore radii. 

It is the purpose of this paper to compare some experi- 
mentally determined relative permeability curves with those 
calculated by a method which utilized capillary pressure 
information. The capillary pressure data were obtained prefer- 
ably from pore size distribution information as determined by 
mercury injection but, in some cases, in the absence of suitable 
mercury injection information, data were taken from measure- 
ments made by the porous semi-permeable diaphragm method. 
The physical significance of certain tortuosity concepts is 
inferred and the determinations of the tortuosity factors from 
pore size distribution data and by electrical measurements are 
discussed. 


THEORETICAL BACKGROUND 


In previously reported studies on pore size distribution in 
petroleum reservoir rocks, by the author and co-workers,’ an 
equation was derived relating specific permeability, k, to pore 
entry radii, R,, porosity, ¢, tortuosity factor, X;, and incre- 
mental pore volume, V;. The equation is 


n 


k = 0.126 ¢ 


(1) 
X, Ry? 


References given at end of paper. 

Manuscript received in the Petroleum Branch office July $1, 1952. Paper 
presented at the Petroleum Branch Fall Meeting in Houston, Tex., Oct. 
1-3, 1952. 
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where X, = L,/L, L; being the “effective” length of the flow 
path in the porous sample, and L the length of the porous 
sample. The constant, 0.126, is a units conversion factor. (This 
definition of tortuosity factor X, = L,/L does not conform to 
all such definitions found in the literature.*) 

By similarity, in a two-phase system, the effective perme- 
ability of the wetting-phase, k..,. is 


n 
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FIG. 1 — CALCULATED TORTUOSITY RATIO CURVES. 
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where V’,, is the incremental pore volume of the wetting-phase, 


being the tortuosity of the wetting phase 


Le 
ander 


and L,, being the “effective” length of the flow path for the 
wetting-phase in the two-phase system. Let the tortuosity ratio 


X; L; 


or 
X, 
= (4 
) 
and, if one assumes that 
Se 
then, substituting Equations (4) (5) in (2) gives 


The equation for the wetting-phase relative permeability there- 
fore becomes 


n 

k k RY 


The ratio of tortuosities, X,,,;, is the only unknown factor in 
Equation (7). This equation would otherwise permit the cal- 
culation of the wetting-phase relative permeability from pore 
size distribution or other capillary pressure data. It is assumed 
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CULATIONS FROM MERCURY INJECTION DATA. 
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FIG. 3 — RELATIVE PERMEABILITY CURVES. SAMPLE: NELLIE BLY SAND- 
STONE. GAS PERMEABILITY: 1,080 MD. EFFECTIVE POROSITY: 27.3 PER 
CENT. FLUIDS: GAS AND OIL. DATA: MEASUREMENTS BY J. D. HAR 
RINGTON.”” CALCULATIONS FROM MERCURY INJECTION DATA. 


that X, is known from single-phase permeability and pore size 
distribution measurements. 

By similar reasoning the non-wetting phase effective perme- 
ability, k.., in a two-phase system can be shown to be given 
by the equation, 


n 
Vin Ry 
where V,, and X,, are respectively the incremental pore vol- 
ume and the tortuosity for the non-wetting phase. Let 


Xin (9) 


where X,,; is the tortuosity ratio and Z;, is the “effective” 
length of the flow path for the non wetting phase. 
If one assumes that 


X 


and if Equations (9) and (10) are substituted in Equation (8), 
Re 


Tne non-wetting phase relative permeability, k,,, becomes 


RP 


t=0 


= 
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Equation (12) permits the calculation of non-wetting phase 
relative permeability from pore size distribution data provided 
the ratio of tortuosities can be determined. 


TORTUOSITY RATIO 


Several investigators’***”*’ have studied the tortuosity ratio 
for multiphase flow in porous media. The large number of 
variables, resulting from various combinations of fluids and 
porous media, makes exact solutions to the tortuosity problem 
highly improbable, but does not eliminate approximate solu- 
tions which are within engineering accuracy. 


Let Equation (7) 


l=o 


(13) 


where X,, is an “effective” wetting phase tortuosity factor. 
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FIG. 4— RELATIVE PERMEABILITY CURVES. SAMPLE: BASAL BROMIDE 
SANDSTONE. GAS PERMEABILITY 450 MD. EFFECTIVE POROSITY: 16 PER 
CENT. FLUIDS: GAS AND OIL. DATA: MEASUREMENTS BY J. D. HAR- 
RINGTON.”” CALCULATIONS FROM MERCURY INJECTION DATA. 
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FIG, 5 — RELATIVE PERMEABILITY CURVES. SAMPLE: LONG BEACH FIELD. 
GAS PERMEABILITY: 55 MD. EFFECTIVE POROSITY: 18.2 PER CENT. 
FLUIDS: AIR AND KEROSENE. DATA: MEASUREMENTS BY GATES AND 
TEMPELAAR-LIETZ.” CALCULATIONS FROM POROUS DIAPHRAGM CAPIL- 
LARY PRESSURE DATA. 


where S’,, is the “irreducible” minimum saturation of the wet- 
ting phase. Since theoretical values of X,, are unknown for 
values of saturation intermediate between the irreducible mini- 
mum and one, values of the wetting-phase tortuosity ratio have 
been calculated at a number of saturations from experimental 
data obtained in these laboratories and from measurements 
published by other experimenters.” Representative results are 
plotted in Fig. 1. The deviation of these calculated values from 
a straight line is small, and apparently the deviation is in no 
preferred direction. As a first approximation, it therefore is 
assumed throughout the remainder of this paper that X,, is 
some linear function of the saturation, S,, such as 


where A and B are undetermined constants. By use of the 
boundary values referred to aboye, Equation (14) becomes 


(15) 


APPLICATION OF FORMULAS 


In application of Equation (15) in conjunction with Equa- 
tion (13) for calculating wetting-phase relative permeability 
from pore size distribution data, the phases (wetting and non- 
wetting) are assumed to be distributed in the porous matrix in 
a particular way. The irreducible minimum saturation of the 
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FIG. 6 — RELATIVE PERMEABILITY CURVES. SAMPLE: DOMINGUEZ FIELD. 
GAS PERMEABILITY: 36 MD. EFFECTIVE POROSITY: 26.7 PER CENT. 
FLUIDS: AIR AND KEROSENE. DATA: MEASUREMENTS BY GATES AND 
TEMPELAAR-LIETZ.” CALCULATIONS FROM POROUS DIAPHRAGM CAPIL- 
LARY PRESSURE DATA. : 
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FIG. 8B—RELATIVE PERMEABILITY CURVES. SAMPLE: MEADOWLARK FIELD. 
GAS PERMEABILITY: 370 MD. EFFECTIVE POROSITY: 24.5 PER CENT. 
FLUIDS: AIR AND KEROSENE. DATA: MEASUREMENTS BY GATES AND 
TEMPELAAR-LIETZ.” CALCULATIONS FROM POROUS DIAPHRAGM CAPIL- 
LARY PRESSURE DATA. 
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FIG. 7 — RELATIVE PERMEABILITY CURVES. SAMPLE: BEREA CANYON 
FIELD. GAS PERMEABILITY: 27 MD. EFFECT!VE POROSITY: 15.8 PER CENT. 
FLUIDS: AIR AND KEROSENE. DATA: MEASUREMENTS BY GATES AND 
TEMPELAAR-LIETZ.” CALCULATIONS FROM POROUS DIAPHRAGM CAPIL- 
LARY PRESSURE DATA. 
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FIG: 9 —RELATIVE PERMEABILITY CURVES. SAMPLE: EAST COALINGA 
FIELD. GAS PERMEABILITY: 318 MD. EFFECTIVE POROSITY: 27.4 PER 
CENT. FLUIDS: AIR AND KEROSENE. DATA: MEASUREMENTS BY GATES 
AND TEMPELAAR-LIETZ.” CALCULATIONS FROM POROUS DIAPHRAGM 
CAPILLARY PRESSURE DATA. 
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FIG, 10 — RELATIVE PERMEABILITY CURVES. SAMPLE NO. 1378 ATLANTIC 
REFINING CO. GAS PERMEABILITY: 95 MD. EFFECTIVE POROSITY: 23.8 
PER CENT. FLUIDS: GAS, OIL, AND CONNATE WATER. DATA: MEASURE 
MENTS BY ATLANTIC REFINING CO. CALCULATIONS BY MERCURY IN- 
JECTION DATA. 


wetting-phase is assumed to be contained in the smaller pores 
and the residual non-wetting phase occupies the larger pores 
according to the mercury injection measurements. For inter- 
mediate saturations the permeability to the phase under con- 
sideration is adversely affected by the presence of the other 
phase. This is consistent with the assumption that the wetting- 
phase surrounds the non-wetting phase which, in turn, occupies 
the center of the pore space, particularly for media composed 
of irregular particles, and having crevices, inter-connecting 
smaller pores, and other irregularities. 


The calculation from pore size distribution data of wetting- 
phase relative permeability in a two-phase system involves the 
following procedure. The irreducible wetting-phase saturation, 
S’,, as determined by the semi-permeable porous diaphragm 
method or by other capillary pressure methods is substituted 
in Equation (15). The resulting equation provides a simple 
linear relation between the tortuosity ratio and the saturation, 
from which values for the tortuosity ratio may be determined 
either graphically or by numerical substitution. The single- 
phase fractional permeability for chosen saturations is then 
calculated from pore size distribution data. The single-phase 
fractional permeability is the ratio of the calculated perme- 
ability of the pores with radii less than a specified radius to 
the total permeability of the sample, where the specified radius 
is determined from the pore size distribution curve for the 
particular value of fractional volume under consideration. The 
value of the fractional permeability obtained is multiplied by 
the square of the tortuosity factor (X,, ) to give the wetting 
phase relative permeability. The procedure is repeated for a 
number of other wetting phase saturations ranging from the 
irreducible minimum to complete saturation. In case the mer- 
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FIG. 11 — RELATIVE PERMEABILITY CURVES. SAMPLE NO. 1374 ATLANTIC 
REFINING CO. GAS PERMEABILITY: 72 MD. EFFECTIVE POROSITY: 21.9 
PER CENT. FLUIDS: GAS, OIL, AND CONNATE WATER. DATA: MEASURE- 
MENTS BY ATLANTIC REFINING CO. CALCULATIONS FROM MERCURY 
INJECTION DATA. 


cury injection experiment has not been performed on the 
sample under study, approximate pore size distribution data 
may be estimated from the capillary pressure curve obtained 
by the porous semi-permeable diaphragm method. This pro- 
cedure was followed for some of the examples cited below. 


Typical results, calculated and measured, are shown in Figs. 
2 to 12 for data taken in Magnolia’s Field Research Labora- 
tories, Atlantic Refining Co.’s Laboratory, and for other data 
reported in the literature.””” The linear tortuosity ratio vs 
saturation relationship and the calculated fractional perme- 
ability vs the saturation are also shown on all figures. In 
general, the calculated relative permeability values agree very 
closely with the experimental values for those core samples 
and fluids studied to date. It must be emphasized that the 
amount of data now available for correlation purposes is as yet 
insufficient to arrive at any definite conclusions as to the 
general validity of the procedure. 


Although the major emphasis in this paper is devoted to 
procedures for calculating wetting phase relative permeability 
from pore size distribution data, three illustrative examples of 
calculated non-wetting phase relative permeability are given 
in Figs. 10, 11, and 12. The procedure for calculating non- 
wetting phase relative permeability from pore size distribution 
data is similar to that used for calculating wetting phase rela- 
tive permeability. The tortuosity ratio for the non-wetting phase 
(gas) is assumed to have the value of one at the irreducible 
minimum saturation of the wetting phases consisting of the 
connate water and the residual oil, and a value of zero at the 
minimum saturation of the non-wetting phase; this tortuosity 
ratio is assumed to vary in a linear manner with liquid satura- 
tion between these two values corresponding to the limits of 
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—— TORTUOSITY RATIO results obtained by the author’s co-workers indicate that the 
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\ vA .8 trated in Fig. 13. This could mean that the electrical conduc- 
: VA tivity of the matrix is greater than zero and, hence, the “effec- 
J } tive” ion path is less than the fluid flow path. Further investi- 
a Sse a gations of this phenomenon are in progress. 
x 
|x \ CONCLUSIONS 
\ A procedure has been outlined and formulas have been 
= ¥ = \ / =| = developed for calculating wetting and non-wetting phase rela- 
2 ate \ tive permeability in two phase systems from pore size distribu- 
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non-wetting phase saturation. In general, the calculated results 
are consistent with the measured non-wetting phase relative 
permeability values. 15 
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INDEX, 


Thornton® has assumed that the average lengths of path for 
fluid flow and electric current flow in a porous medium are 
equal. If this assumption is valid, the magnitude of the wetting 
phase tortuosity ratio, X,,, could be determined directly by 
measurement of electrical resistivity of a brine-saturated sam- 
ple at various saturations. 
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Equation (16) expresses the tortuosity factor as an inverse 
function of resistivity index and saturation. If Equations (17) 
and (13) are combined and rearranged with the tortuosity ratio 
outside of the summation sign, an equation results which is 


similar to one derived by Wyllie and Spangler :” | 1X 
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FIG. 13 — RESISTIVITY INDEX CURVES. SAMPLE: MIOCENE SAND. GAS 
a) PERMEABILITY: 256 MD. EFFECTIVE POROSITY: 25 PER CENT. 


76 PETROLEUM TRANSACTIONS, AIME Vol. 198, 1953 


| 


N. T. BURDINE 


For the samples studied and the fluids used, the calculated 
relative permeability data agree favorably in most cases with 
the values measured by standard methods. The results indicate 
that the calculated data are more consistent and probably 
contain less maximum error than the measured data. (The 
error in measurement is unknown.) Of major importance and 
utility to fluid flow studies in porous media are the speed and 
ease with which the calculated data may be obtained for either 
reservoir determinations or for laboratory standards. 

Methods and procedures for calculating relative permeability 
data are being extended and experimental measurements of 
relative permeability on a variety of samples are being made 
for correlation purposes. It is emphasized that the results 
obtained to date are not sufficient for complete evaluation of 
the method. 
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NOMENCLATURE 


— Constants 

— Resistivity index 

— Permeability (darcys) 

— Permeability, effective (darcys) 

— Permeability, effective non-wetting phase (darcys) 

— Permeability, effective wetting phase (darcys) 

— Permeability, non-wetting phase relative 

— Permeability, wetting phase relative 

— Length, sample (cm) 

—Length, “effective” capillary (cm) 

—Length, non-wetting phase “effective” capillary 
(cm) 

— Length, wetting phase “effective” capillary (cm) 

— Radius, pore (cm) 

— Radius, incremental pore entry, i= 1, 2, 3,... 
(cm) 

— yaturation, wetting phase (fractional) 

— Saturation, irreducible minimum (fractional) 

— Volume, incremental pore, i = 1, 2, 3,... 
tion of total pore volume) 

— Volume, non-wetting phase incremental pore (frac- 
tional) 

— Yolume, wetting phase incremental pore (fraction 
of wetting-phase-saturated pore volume) 

— Tortuosity factor (L,/L) 

—- Tortuosity factor, non-wetting phase (L,,/L) 

— Tortuosity factor, wetting phase (Li,/L) 

— Tortuosity ratio, non-wetting phase (L,/L;,) 

— Tortuosity ratio, wetting phase (L,/L,,.) 

—— Porosity (fractional) 

——Tortuosity factor, “effective” 
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DISCUSSION 
By I. Fatt, California Research Corp., La Habra, Calif., Mem- 
ber AIME 

Burdine has presented an interesting modification of one of 
the equations which has been proposed for calculating relative 
permeabilities from pore size distribution or capillary pressure 
data. The equation Burdine uses for calculating relative perme- 
abilities is derived from a very simple model of a porous 
medium. The model, a bundle of parallel tubes, is so very 
much over-simplified that calculated and measured relative 
permeability often do not agree. To bring these into better 
agreement, the concept of tortuosity has been introduced. Tor- 
tuosity, being difficult to evaluate experimentally, is empirically 
adjusted to improve the fit of calculated data to measured 
data. An improvement of fit by such empirical adjustment 
cannot be accepted as making the parallel tube model more 
valid nor the tortuosity concept more sound. 

Burdine’s treatment of the tortuosity terms, X,; and X,,, 
seems to be questionable. The difficulty goes back to his earlier 
paper where the tortuosity X, was defined as the tortuosity 
of tubes of radius R;,. If this definition is adhered to, then X, 
cannot be taken out of the summation (in Equation 17 of his 
earlier paper) when X;, varies with R,. In extending his equa- 
tion to the calculation of relative permeability, Burdine has 
postulated that tortuosity varies with radius and therefore 
saturation. However, in establishing the empirical tortuosity 
corrections, he has taken the tortuosity term out of the sum- 
mation. The tortuosity term is then a complex average for the 
pores which are conducting fluid. This inconsistency makes 
Burdine’s method of improving the fit of calculated-to-measured 
relative permeability strictly an empirical one. The relation 
between Burdine’s tortuosity correction term and the concept 
of varying tortuosity with varying pore radius is only indirect. 

Although the agreement between calculated and measured 
wetting phase relative permeability indicated in this paper 
seems adequate for engineering purposes, the same cannot be 
said for the agreement between calculated and measured non- 
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Vol. 198, 1953 PETROLEUM TRANSACTIONS, AIME 77, 


Ww 


T.P. 3519 RELATIVE PERMEABILITY CALCULATIONS 


tion, although this quantity is of great engineering importance. 
In Figs. 10 and 12, the critical non-wetting phase saturation 
is taken as zero. In Fig. 11, a finite critical saturation is shown, 
but Burdine does not indicate how this could be obtained from 
capillary pressure data. Engineering calculations require very 
accurate non-wetting phase permeabilities in the region of the 
critical saturation; the method of calculating these perme- 
abilities, as proposed by Burdine, does not appear adequate. 
The reader could better evaluate the method if the non-wetting 
phase relative permeabilities were plotted as semilogarithmic 
graphs. 

Burdine assumes that mercury injection data and water-oil 
or water-air capillary pressure data are equally useful for cal- 
culating relative permeabilities. If the mercury injection curve 
differs from the water-oil or water-air capillary pressure curve 
by only a pressure multiplying factor, Burdine’s assumption is 
correct. There are, however, some data which indicate that for 
many reservoir samples there is no simple relationship between 
the mercury injection curve and the water-oil or water-air 
capillary pressure curve. 
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AUTHOR’S REPLY TO MR. FATT 


Fatt states that a very simple model has been used to repre- 
sent a porous system and that, for this reason, agreement 
between calculated and experimental relative permeability 
values is often poor. We agree as to the simplicity of the model 
and to the frequent disagreement observed but point to the 
significant number of cases in which really remarkable agree- 
ment is observed. This very agreement, coupled with the desire, 
as in all scientific effort, to retain the maximum of simplicity 
led to the consideration of possible modifications in the use of 
the capillary tube model which might result in more frequent 
and superior agreement. That such modifications as have been 
used required the use of empirical procedures was not unex- 
pected. In the absence of more fundamental approaches, ihe 
use of empirical methods seems entirely valid. Whether such 
empirical procedures are able to make “the parallel tube model 
more valid” or “the tortuosity concept more sound” depends 
solely on the predictive capacity of the resulting relationships 
and we consider this to be a matter as yet undetermined. 

Referring to the tortuosity terms, X; and X,.,;, Fatt states 
correctly that if the original definition of X, in Equation (17) 
of an earlier paper is adhered to, then X, cannot, in general, 
be removed from the summation sign. If, however, the “effec- 
tive” capillary lengths of all the pores are known or assumed 
to be equal, the factors X,° in Equation (17) of reference 1, 
may be removed from the summation and replaced by a 
“dividing factor,” /, where 


n 
f= ‘2, xX,’ 

Hence Equation (17) may be rewritten as 

141=0 


An analysis of pore size distribution data for peiroleum 
reservoir rock samples indicated that the tortuosity factor, X,, 
must be considered a function of the pore radius. This resulted 
in the formulation of the empirical formula, Equation (18) 
of reference (1), 
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Since X, is an inverse function of the pore radius, R,, it has 
been retained inside the summation sign for all single phase 
and multiphase permeability calculations. 

Referring to Equations (7) and (12) of the present paper, 
the tortuosity ratios are assumed to be functions of the pore 
radii and, as such, the tortuosity ratio symbols should be writ- 
ten X,.; and X,,,, for the wetting and non-wetting phases, 
respectively. Since no methods, either experimental or theoreti- 
cal, have been developed to evaluate the tortuosity ratios, X,w: 
and X,,;, an approximate procedure has been employed with 
Equations (7) and (12) in an attempt to circumvent this difh- 
culty. On this basis Equation (7) has been rewritten in the 
following manner: 


n 


i=0 


nm 
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where X,,. may be considered an “effective” wetting phase tor- 
tuosity factor that is a function of the saturation only. It is the 
empirical evaluation of the factor X,, as a function of satura- 
tion which is the main subject of the paper. 


As pointed out by Fatt, the calculated non-wetting phase 
relative permeability data presented in the original paper do 
not show the same order of agreement with experiment as 
observed in the case of wetting phase data on which was 
placed, to quote the paper, “the major emphasis.” In fact, in 
the paper no strong claim was made for the use of the method 
for the calculation of non-wetting phase relative permeability 
values. It was stated only that results “consistent” with meas- 
ured data were obtained. Further, contrary to the statement 
made by Fatt, the method of calculation of non-wetting phase 
relative permeability does include the concept of critical 
saturation. It is explicitly stated in the paper that the tortu- 
osity ratio for the non-wetting phase has “a value of zero at 
the minimum saturation of the non-wetting phase,” i.e., at the 
“critical non-wetting phase saturation” referred to by Fatt. 
The value of saturation must be determined, of course. by 
independent means and, insofar as the author is aware, cannot 
be obtained from capillary pressure data. Such independent 
data also are required in the case of calculation of either non- 
aqueous wetting phase relative permeability or non-wetting 
phase relative permeability in the presence of interstitial water 
in which case the minimum non-aqueous wetting phase satus 
ration and the minimum interstitial water content are also 
required for the calculations (see Figs. 10, 11 and 12 of 
original paper). 

Fatt states that the author has assumed that mercury injec- 
tion data and water-oil or water-air capillary pressure data are 
equally useful for calculating relative permeabilities. Actually 
the paper, by stating that “approximate pore size distribution 
data may be estimated from the capillary pressure curve ob- 
tained by the porous semi-permeable diaphragm method” 
implies that the mercury injection technique is preferred. The 
author has not investigated in any detail the use of data ob- 
tained by the porous diaphragm method and is unable to 
generalize on the relative usefulness of the two types of capil- 
lary pressure data. It is to be presumed, however, that the 
data from the porous diaphragm method will prove superior 
to the data from the mercury method for samples where inter- 
action between fluids and the porous matrix occurs during the 
course of a relative permeability determination. No experi- 
mental verification of this presumption exists, to the best of 
the author’s knowledge. kk * 
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ABSTRACT 


This paper presents the results of a series of model flow 
tests on a number of large limestone cores, having different 
pore configurations. For limestone cores having substantially 
sandstone type porosity, the production characteristics for 
solution and external gas drives are similar. For cores whose 
pore spaces were microscopically heterogeneous (i.e., consisted 
of combinations of solution cavities, matrix, and fissures), the 
production characteristics for solution and external gas drives 
vary widely. The degree of divergence between gas-oil relative 
permeability relationships calculated from solution or external 
gas drive tests is an indication of heterogeneity of rock pore 
structure. The results of water floods on cores depleted by 
solution gas drive for each of these two general types of lime- 
stone porosity are also shown. Generalizations are made on the 
water flood recovery that could be expected from each of these 
two types of limestone porosity. 

The similarity between solution drive field performance and 
model solution drive performance on cores from the same for- 
mation is shown for several cases. This indicates the feasibility 
of predetermining limestone field performance from such large 
core tests. 

Photomicrographs of plastic-impregnated rock thin sections 
of the samples tested are presented as an aid in understanding 
the flow test performances. 


INTRODUCTION 


During the past 15 years, reservoir engineers and research 
workers have developed methods of testing rock and fluid 
samples and applying the results, through calculation, to allow 
reasonably satisfactory predictions of oil recoveries and _ per- 
formances to be expected in sandstone oil reservoirs. It has 
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been determined that representative fluid flow data can be 
obtained on rock samples as small as three-fourths in. in 
diameter by one in. long in most sandstones. However, little 
has been accomplished toward the laboratory determination of 
fluid flow characteristics in limestones. There has been a great 
deal of speculation as to the influence of variations in pore 
size, shape, and degree of interconnection upon oil recovery 
processes, and a great deal of thought has been given to the 
interpretation of limestone field performance.”’”** It has been 
generally recognized that predictions of reservoir performance 
based on oil displacement tests on small limestone core sam- 
ples the size of those used for sandstone tests can often be mis- 
leading because of the improbability of obtaining a representa- 
tive sample in such a small core. Obviously, if there are present 
in the rock, pore openings of the magnitude of 1/16 in., or 
fractures or solution channels up to one in. or more in length, 
it will be impossible to cut any sample less than one in. in 
any dimension which would represent the flow geometry of 
the gross rock system. In some formations, the individual open- 
ings in the rock are of such size that it would be impossible 
to obtain a good sample of the flow system even in the total 
core available from conyentional-sized well cores. However, 
by increasing to the maximum the size of the sample used, it 
should be possible to obtain representative flow data from the 
majority of limestone reservoir materials which can be used 
for prediction of future primary production performance or 
response to be expected from secondary recovery measures. 
The only alternatives to obtaining good laboratory test data 
to serve these purposes are extrapolation of primary perform- 
ance data obtained by partial depletion of a field, or obtaining 
information from pilot tests. It has been shown previously, 
and will be demonstrated further by the work reported in this 
paper, that extrapolation of solution gas drive performance 
for an estimate of gas injection response can be very mislead- 
ing in reservoirs of heterogeneous type porosity. Although it 
cannot be expected that laboratory information can ever elimi- 
nate the necessity of small-scale pilot operations, it is expected, 
as is now the situation with sandstone reservoirs, that labora- 
tory tests should provide reliable information for screening of 
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FIG. 1 — DIAGRAM OF LIMESTONE FLOW TEST APPARATUS. 


secondary recoyery projects and more intelligent design and 
interpretation of pilot test operations. This paper is a report 
on work being directed toward: 

1. Development of laboratory tests on maximum-sized cores 
available to obtain basic flow data for limestone reservoir per- 
formance predictions. 

2. Comparison of laboratory test and field performance data 
to determine the types of rocks which will allow laboratory 
determination of flow characteristics applicable to field per- 
formance prediction. 

3. Obtaining the fluid flow properties of several types of oil 
producing limestones. 

It was expected, at the outset of this work, that one measure 
of the heterogeneity of various rock pore systems would be 
the variation between relative permeability ratios (k./k,) 
calculated from solution and external gas drives. If the pore 
space were entirely composed of uniform, well interconnected 
channels, the solution and external gas drive k,/k, data should 
be similar. If, in addition to the intergranular pores, a second- 
ary pore system, or fractures, exists which furnishes a very 
high percentage of the permeability, but very little of the total 
pore space in comparison to that of the intergranular space, 
it is to be expected that external drive will show a much less 
favorable k,/k, relationship than solution drive. The degree 
of heterogeneity of the pore system should be reflected in the 
degree of difference between gas-oil relative permeabilities 
calculated from external and solution gas drive tests. Com- 
parison of laboratory test data with pore structure as observed 
from rock thin sections has verified the existence of these 
qualitative relationships. 


MATERIALS AND EQUIPMENT 


Core Samples 


The core samples used were selected from producing sec- 
tions in oil reservoirs. Their size varied from 2% to 3% in. 
in diameter and from 6 to 11 in. in length. Permeabilities 
ranged from 2 to 300 md and porosities from 13 to 30 per cent. 
Flow tests are reported on samples from six formations which 
were designated Intergranular Limestones A and B, in which 
the pore space was predominantly intergranular, Reef Lime- 
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stones C and D, illustrating variations in pore structure and 
flow performance from two reef limestones, and Fracture Lime- 
stones E and F, in which fractures were present. These samples 
cover a wide, but not complete, range of producing character- 
istics of oil-producing limestone reservoirs. 


Pressure Cells 


Flow tests were made on cores placed in pressure cells. 
These cells were designed and fabricated from four-in. ID 
special alloy steel tubing and were designed to operate at 
pressures up to 5,000 psig. 


Auxiliary Apparatus 


In addition to the necessary valves and pressure gauges, 
high-pressure midget Grove regulators and back-pressure regu- 
lators were used which could operate at pressures from atmos- 
pheric to 3,500 psig. Gas-oil separators, which were fabricated 
from various-sized glass burettes, could be read to within 
+0.1 cu cm of liquid. These separators were operated at atmos- 
pheric pressure. Gas production was measured either by a 
1,000 cu cm wet test meter or a 2,500 cu cm water displace- 
ment gasometer. A 30-kilogram capacity analytical balance, 
with an accuracy of £0.05 gram, was used to measure initial 
and final saturations. For saturating the cores initially, use 
was made of a pneumatic-hydraulic piston pump capable of 
1,500 psig output. A diagram of the apparaus for the flow test 
is shown in the schematic layout of Fig. 1. 


PROCEDURE 


Preparation of Cores for Testing 


The core samples were first cleaned by the Stanolind carbon 
dioxide-toluene method’ used in routine large core analysis, 
then completely dried. Next, the cores were machined until 
they were cylindrical and the ends square. Most of the flow 
tests were run along the central axis of the core. For these 
runs, grooved aluminum end plates were placed at each end 
of the core and the assembly sealed in Lucite. After mounting, 
flow connection holes were machined in each end of the 
sample. These Lucite-sealed cores were then placed in steel 
pressure cells, and annulus pressure applied. The tests could 
then be run at any pressure up to annulus pressure. One core 
was also mounted for flow at right angles to the sample’s 
central axis to check the effect, if any, of direction of flow 
through the rock. For this test two screens were positioned 
along the entire length of the core, spaced at opposite quarters 
of the circumference. 


Saturation Procedure 


The fluids used in these experiments were gas, oil, and 
water. The gas was 96 per cent methane. The oil was a 200 
psig bubble point solution of methane in a relatively pure 
mixture of paraffin hydrocarbons C,H» and C,.H,,. Gas solu- 
bility at 200 psig was 50 standard cu ft/bbl of residual oil. 
The low reservoir volume factor (1.015) made unnecessary any 
correction for shrinkage in calculations of saturations during 
laboratory tests. The water was distilled water saturated with 
a ground sample of the limestone to be tested, 

Two different methods were used to saturate the core sam- 
ples, depending upon whether interstitial water was to be 
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FIG. 2— SUPERSATURATION DURING LABORATORY SOLUTION GAS 
DRIVE, INTERGRANULAR LIMESTONE B. 


present. For the tests in which no interstitial water was to be 
present, the cores were saturated with oil by injecting, at 850 
psig, the 200 psig bubble point solution into the evacuated 
pore space from both ends of the core simultaneously. The 
core was then allowed to stand for from two to four hours, 
under 850 psig pressure, to allow any flashed gas to dissolve. 
Bubble point solution was flushed through the core until the 
produced solution gas-oil ratio was identical with the injected 
solution gas-oil ratio over a series of samplings. A check of 
the volume of oil in the core by weight with the pore volume 
of the sample determined the extent of the liquid saturation. 

In tests involving the presence of interstitial water, the core 
was first evacuated and then saturated with water by hydraulic 
squeeze. Next, a heavy mineral oil of 125 cp viscosity was 
flowed through the core, using a pressure differential of 1,000 
psi. After water production had decreased to less than 0.2 
per cvat of the core efflux, the mineral oil was displaced by 
flowing bubble point oil through the core at static pressures 
considerably above 200 psig. Flow was continued until the 
efflux from the core contained less than 0.5 per cent of mineral 
oil as determined by refractive index. 


Flow Tests 


The following flow tests were run on the core samples: 

1. Solution gas drives at constant drawdown pressure — the 
pressure was lowered at the downstream end of the core 
until production of oil and gas began. The pressure drop 
across the core was adjusted to, and held constant at 20 
psi until the outlet pressure reached zero gauge pressure. 

2. External gas drive methane at constant pressure was 
injected into the upstream end of the core at 225 psig and 
the downstream back-pressure regulator set to produce at 
205 psig. Production was stopped when the atmospheric 
gas-oil ratio reached 10,000 cu ft/bbl. 

3. Water drive with free gas —the water drives were preceded 
by solution gas drives. In order to obtain the benefit of 
maximum trapped gas saturation,’ the system was repres- 
sured to 200 psig by gas injection. Water saturated with 
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methane at 200 psig was injected into the cores under 60 
psi differential. Production was stopped when the produced 
water-oil ratio (WOR) reached 100 bbl/bbl. 

In all these runs, volumes of oil, gas, and water and the 
upstream and downstream pressures were recorded at approxi- 
mately one per cent pore space increments of oil production. 

A pressure differential of 20 psi for gas drives was chosen 
for the reason that the influence of capillary end effect on 
performance data is negligible for most limestones under this 
or higher pressure differentials. 


Pore Space Pictures 


Rock segments taken adjacent to the core samples tested 
were impregnated with red-dyed plastic. Color photomicro- 
graphs were taken of the thin sections prepared from a plastic- 
impregnated sample. Tracings of the pore spaces were ‘made 
from enlarged color prints of the photomicrographs, the black 
portions indicating the pore space. 


DEFINITIONS AND METHODS OF CALCULATION 


Solution Gas Drive 


On all of the solution gas drives, it was noted that, at all 
but the latest stages of depletion, less gas was produced than 
would have been predicted from equilibrium PVT relationships 
of the oil mixture used. That is, more gas remained in solution 
in the oil left in the core than would occur at equilibrium con- 
ditions. Relative permeability ratios-(k,/k,) for the laboratory 
solution gas drives were corrected for this excess solution gas 
in the oil. The flowing gas-oil ratio was determined by a gas 
material balance as follows: 

l. The total gas remaining in the core at any stage of deple- 
tion is equal to the dissolved gas initially in place less the 
cumulative gas production. The gas in the core exists partly 
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FIG. 4— GAS DRIVE PERFORMANCE, INTERGRANULAR LIMESTONE A. 


in solution in the oil and partly as free gas in the space 
vacated by liquid production. 

2. Knowing the space vacated by liquid production and the 
mean pressure, calculation of the amount of free gas is 
straightforward. The difference between the total gas re- 
maining in the core and the free gas then must be the gas 
in solution in the oil. 


3. Knowing the volume of oil remaining in the core by differ- 
ence between initial and produced oil, the mean solution 
gas-oil ratio can be calculated. This solution gas-oil ratio 
was subtracted from the produced gas-oil ratio to obtain 
the flowing gas-oil ratio, and thus the relative permeability 
ratio. 

The mean bubble point pressure within the core at any time 
was determined using the solution gas-oil ratio vs equilibrium 
pressure plot for the particular gas-oil mixture. The mean 
pressure was calculated as the arithmetic average of the up- 
stream and downstream gauge readings. 


External Drive 


Relative permeability performances for external gas drives 
were calculated by the method proposed by Welge’ and fur- 
ther substantiated as reported in a recent technical note.® 
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RESULTS 


Solution and External Gas Drives 


The difference between the mean bubble point pressure and 
the mean core pressure, which is a measure of the amount of 
supersaturation, for two runs on Intergranular Limestone B 
is shown in Fig. 2. The solution gas drive pressure decline 
history for a sample of Intergranular Limestone A is shown 
in Fig. 3. This pressure decline history is typical of those 
obtained during solution gas drives on all the samples. Gas-oil 
relative permeability ratios for both solution and external gas 
drives were determined for a series of core samples. Runs with 
and without interstitial water present were also made on 
Sample No. 1 of Intergranular Limestone A. The k,/k, curves 
for all the samples tested are shown in Figs. 4 through 9. All 
of these flow tests, except a single test on Intergranular Lime- 
stone A, were made along the central axes of the samples. 
Fig. 7 shows the k,/k, values obtained for two different sam- 
ples of Reef Limestone D. The effect of production rate on 
relative permeabilities of Fracture Limestone F is shown in 
Fig. 9. Magnified reproductions of the pore spaces of these 
same core samples are also shown in Figs. 4a through 9a. The 
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oil recoveries obtained and the physical characteristics of the 
cores are given in Table 1. The oil recoveries from the labora- 
tory tests are of significance only for qualitative comparison 
between the various formations. They definitely do not indicate 
recoveries to be expected from the field, inasmuch as these 
recoveries are influenced by reservoir fluid properties different 
from those used in the laboratory. The k,/k, data calculated 
from the laboratory tests are not invalidated inasmuch as fluid 
properties do not affect this basic flow characteristic. 


For three of the formations tested, Intergranular Lime- 
stones A and B and Fracture Limestone F, solution gas drive 
relative permeability ratios were available for the fields from 
which the core samples were taken. These field k,/k, values, 
together with those from the model flow tests, are shown in 
Figs. 4, 5 and 9. 


Water Drives 


For two core samples, Sample No. 1, Intergranular Lime- 
stone A, and Sample No. 1, Reef Limestone D, water drives 
were run, after depletion by solution gas drive. The oil recov- 
eries by water drive are shown in Table 2. 
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DISCUSSION OF RESULTS 


Effect of Sample Size 


One factor of importance in the applicability of model flow 
performance to field calculations is the effect of sample size. 
This involves selection of samples of sufficient size and number 
to include the same proportions and interrelationships of the 
various pore structures present in the reservoir under study. 
If the model tests on different samples from the same field 
yield calculated k,/k, values with little variation and there 
is no rate sensitivity, it can be assumed that the average k,/k, 
relationship can be applied quantitatively to field calculations 
of solution gas drive. Quantitative prediction of external gas 
drives must, of course, include such additional factors as pat- 
tern sweep efficiency, effect of permeability stratification, etc. 

If the k./k, values obtained vary widely from sample to 
sample (as in Reef Limestone D), the difference may be due 
to either or both of two following possibilities. 

1. The pore structure varies from section to section in the 
reservoir, such that a representative sample cannot be taken 
from the whole reservoir. Correct prediction of field per- 
formance would then involve proper averaging of test data 
of representative samples taken from each section. 
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FIG. 7 — GAS DRIVE PERFORMANCE, REEF LIMESTONE D. 


2. The samples are too small to be representative of even the 
section from which they were taken. 


Not enough information is available at present to differen- 
tiate between these two possibilities. Further laboratory work 
and field comparison will be necessary to allow quantitative 
application of test data falling in this category. 


Solution Gas Drives 


Effect of interstitial water: One core sample of Intergranular 
Limestone A was run by solution and external gas drive, both 
with and without interstitial water present. Fig. 4 shows the 
k,/k, curves obtained. The solution gas drive curves with and 
without interstitial water are identical. The external gas drive 
k,/k, curve for the run without water present is slightly dis- 
placed uniformly along the whole saturation range from that 
with interstitial water present. The curves show that over the 
saturation range of interest, the presence of interstitial water 
in this rock had at most very little effect on the k,/k, values 
either for solution or external gas drives. 

It might be mentioned that the technique of obtaining re- 
stored state water saturation does not lead to applicable flow 
test data unless the formation material is completely water 
wet. It has been observed that results obtained from flow tests 
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on cores containing virgin connate water may be very different 
from those obtained on cores containing restored state connate 
water, even though the saturations may be identical. It has 
been tentatively concluded that the reason for these differences 
is the unstable distribution of water saturation obtained by 
the restored state technique in rocks having preferentially 
oil-wet surfaces. The only sure way to obtain information 
applicable to the reservoir on the effect of connate water is 
to conduct tests on cores cut with oil or oil base mud in which 
the original water is preserved both as to saturation and 
distribution in the pores. 

Effect of supersaturation: Supersaturation was encountered 
in all the laboratory solution gas drives. It has been estab- 
lished by laboratory tests that the degree of supersaturation 
decreases markedly with decreasing production rate. Extrapo- 
lation of the laboratory data indicates very little supersatura- 
tion will exist under most field conditions. There are two 
possible effects of supersaturation on laboratory tests which 
might lead to error in calculation of k,/k, values applicable 
to field performance: (1) Gas which is actually in solution 
will be taken to be flowing as free gas, if calculations are made 
assuming equilibrium, and thus the calculated k,/k, will be 
higher than the actual value. An error made in this manner 
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could result in an inaccuracy of as much as 100 per cent in 
relative permeability ratios at low gas saturations. The 
method of calculation outlined previously adequately corrects 
for the excess gas in solution over that expected at equilibrium. 
(2) The degree of supersaturation and hence rate of produc- 
tion may affect the fluid distribution within the core and thus 
the relative permeabilities. To check on this possibility, tests 
were run on Intergranular Limestone B, in which supersatura- 
tion was varied considerably. In one run, this core sample was 
allowed to produce to depletion, and the pressure histories and 
k,/k, values calculated. The same core sample was resaturated 
and again allowed to produce by solution gas drive. In this 
run, production was stopped when a 10 per cent pore volume 
gas saturation was obtained in the core. After 72 hours, dif- 
fusion had eliminated supersaturation and the core was at 
pressure equilibrium. The core was produced from this point 
by solution drive. Once again supersaturation was evident, 
however, to a different degree than in the previous run. The 
difference between mean bubble point pressure and mean core 
pressure, which is a measure of the degree of supersaturation, 
is shown in Fig. 2. The gas-oil relative permeability ratios 
calculated for both runs are identical, indicating that the 
degree of supersaturation did not affect the mechanics of oil 
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displacement. Several gas drives were made on Intergranular 
Limestone A in which the producing rate was varied such that 
the pressure differentials across the core varied from 5 to 100 
psi. The k,/k, values calculated and the recoveries obtained 
were identical. Shown in Fig. 3 are the pressure history ob- 
tained in the laboratory test and that calculated from the 
test k,/k, data for Intergranular Limestone A and equilibrium 
PVT characteristics of the fluids. 

Experimental evidence indicates that the independence of 
gas-oil relative permeabilities from the degree of supersatura- 
tion and producing rate is general in intergranular type poros- 
ity rocks. However, in some heterogeneous types, the relative 
permeability ratios may be sensitive to rate of production (see 
Fig. 9). The possible reasons for this in addition to super- 
saturation effects will be discussed later. 


Comparison of Model and Field Data 


Figs. 4, 5 and 9 show the correlation between laboratory 
solution k,/k,’s and those calculated from field performance. 
The model solution drive k,/k, curve for Sample No. 1 of 
Intergranular Limestone A, is shown in Fig. 4. The results of 
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tests on two other Intergranular Limestone A cores, for which 
the permeabilities ranged from 8.5 to 300 md, and porosities 
from 15 to 22 per cent, varied a maximum of two per cent gas 
saturation from the curve shown. The model solution drive 
k./k, curve for Intergranular Limestone B, Fig. 5, is based 
upon the results from one core. The model &,//, curve for one 
sample of Fracture Limestone F is shown in Fig. 9. The results 
of gas drives on two other Fracture Limestone F core samples 
varied a maximum of four per cent gas saturation from the 
curye shown. 

Obviously, this type of correlation can only be obtained 
when laboratory test samples are truly representative of all 
the producing formation, and when calculations from field 
performance are not confused by such factors as large differ- 
entials in depletion from different areas, regional migration, 
etc. 


Comparison of Solution and External Drives 


The whole category of limestones can be divided into two 
general groups, dependent upon their pore geometry. One 
group consists of those samples whose pores are somewhat 
similar to those found in sandstone; the other in which the 
pore spaces consist of combinations of solution cavities, matrix 
porosity, and fissures, and thus is microscopically hetero- 
geneous. 

In the first group belong the core samples of Intergranular 
Limestones A and B and Reef Limestone C. However, it should 
be emphasized that the same formation in other fields, or even 
other sections of the same formation in the same fields, will not 
necessarily yield core samples belonging to the same group. 
This group is typified by the similarity between its solution 
and external gas drive k,/k, curves. These curves generally 
lie close together over the whole saturation range. 

Intergranular Limestone A: An examination of the pore 
space of this limestone shows it to be basically of intergranular 


Table 1— Gas Drive Recoveries from Lime Samples 


Tested 


Oil Recovery, % Pore Volume 
External 
Solution Gas Drive 
Gas Drive to GOR = 
to Depletion 10,000 ft*/bbl 


Intergranular Limestone A 
Sample 1: 78.0 md, 18.3% porosity 


Table If — Water Drive Recoveries on Lime Samples 


Tested 
Saturations, % Pore Volume 
Oil Gas Water 
Intergranular Limestone A 
Gas phase established by 
solution drive to depletion q 
Start. 32.7 0 
Water Breakthrough... 11.6 27.6 
WOR = 100. x AT.6 11.6 40.8 
Recovery......-.--.--- 19.7 
Reef Limestone D 
Gas phase established by 
solution drive to depletion 
Start... : 36.3 0 
Water Breakthrough... 7.1 29.2 


sandstone type porosity. However, many of the passages be- 
tween the original crystals are partly sealed off by the growth 
of adjacent calcite grains until the original grains are in con- 
tact with each other over large areas rather than at points. 
There is only slight evidence of solution. This pore space 
description offers an explanation for the result that the solution 
and external gas drive &,/k ,curves are not identical but simi- 
lar. In sandstones tested to date, the solution and external 
drive relative permeability ratios are identical. The cementa- 
tion of the lime grains in this sample, closing off some of the 
former openings, constributes to the external drive being less 
efficient than the solution drive. On one sample. solution gas 
drive was also run at right angles to the core’s central axis. 
The results, as shown in Fig. 4, indicate that the core has 
similar pore geometry in either direction. It is expected that 
this will be true for most types of limestones, but further 
work will be necessary to prove this point. 

Intergranular Limestone B: This lime has a similar pore 
geometry to that of the Intergranular Limestone A. It is also 
evident from the gas drive performance curves that Limestones 
A and B have similar relationships between their solution 
and external gas drive k,/k, values. 

Reef Limestone C: A study of the pore space of this core 
sample reveals that it is made up of vuggy pores into which 
calcite crystals have grown. There are considerable fossil 
fragments, secondary cementation, and deposition of new crys- 
tals, resulting in uniformly distributed fine and medium-sized 
pores. It is this uniform distribution of pores which accounts 
for the close agreement between solution and external gas 


with 21.4% interstitial water. 30.8 drive k,/k, values. 
32. 29.8 In the second group belong the core samples from Reef 
porosity ............ 318 27.9 Limestone D and Fracture Limestones E and F. This group is 
Sample 3: 300 md, 22.0% typified by the comparatively wide divergence between gas-oil 
RecilaneconcaG ; Reef Limestone D: Examination of the pore space of this 
27.8 38.5 sample shows it to be made up of fossils, limestone pellets and 
Sample 1: 120 md, 14.0% fragments, and leached fossils and portions of fossils. This 
DOTOSILV 36.3 98 4. results in very fine intererystalline pores and large vugular 
Sample 2: 109 md, 19.0% pores, both very irregularly distributed. The wide yariation in 
47.2 39.6 pore sizes and their irregular distribution in the core sample 
55 md, 12.8% porosity ...-..ecccecceccccecceeecceseeeeccseees 58.5 39.9 explains the great difference in the solution and external gas 
Riess Limestoriek drive performance. Fig. 7 shows the variation in producing 
2.4 md, 30.3% porosity characteristics found in two samples of this lime. : 
5 psi differential 1.0 Fracture Limestone E: The k./k, curves for thi 
differential 199 The curves for this sample 
SS showed different solution and external gas drive performance. 
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The porosity of this sample was made up of large solution 
cavities interconnected by a system of hairline fractures up 
to an inch in length. There was no extensive matrix type 
porosity apparent. The absence of matrix type porosity may 
explain the oil recovery of 58 per cent pore volume obtained 
by solution gas drive. The matrix may be thought of as the 
section in which the capillary forces binding the oil to the 
rock are the strongest. The lower external gas drive recovery 
may be explained by gas channeling through portions of the 
fracture system. 2 

Fracture Limestone F: Microscopic examination of the sam- 
ples reveals that the rock is made up of a large number of 
small, irregularly shaped, fractured chert pieces, cemented 
together by intergranular limestone. A close look at the gas 
drive k,/k, curves shows that the solution and external gas 
drives are different. One explanation for this may be that some 
of the fissures shield the oil in a portion of the granular lime- 
stone from displacement by external gas drive, whereas each 
bit of granular limestone produces to a similar degree during 
the solution drive. As shown in Fig. 9, the relative permeability 
ratios for this sample are sensitive to the rate of production. 
This is possibly caused by capillary “end effect” at the bound- 
aries of the individual limestone chunks and will probably be 
a factor of importance in the field depletion as well as in the 
laboratory. Although the laboratory performance checks with 
the field data in that both show abnormally steep k,/k, curves, 
further research will be necessary to develop means of obtain- 
ing information for quantitative application to performance 
calculations in formations having producing-rate sensitive char- 
acteristics. Incidentally, tests on the intergranular type lime- 
stones and sandstones show no recovery difference over large 
variations in producing rate (e.g., from 5 to 100 psi differential 
on a sample of Intergranular Limestone A). However, from 
the tests to date, it is impossible to make generalizations 
concerning rate effect for rocks having heterogeneous pore 
structure. 

One conclusion that can be drawn from the gas drive per- 
formance is that there is a wide variation in limestone pro- 
ducing characteristics, and that there is no “average limestone 
curve” that can be used for reliable predictions of reservoir 
performance. 


Water Drives 


Water drives without interstitial water present were run on 
samples from each of the two main limestone porosity groups; 
on Limestone A as typical of the intergranular type of porosity, 
and Limestone D as typical of the miscroscopically hetero- 
geneous porosity. The oil recoveries by these drives are given in 
Table 2. The oil recoveries by water drive are only of com- 
parative significance, due primarily to the absence of inter- 
stitial water. 

After depletion by solution drive, Intergranular Limestone 
A produced 6.5 per cent pore volume oil recovery at water 
breakthrough. A total oil recovery of 19.7 per cent pore vol- 
ume was obtained by water drive to a water-oil ratio of 100 
bbl /bbl. 

Water drive on the Reef Limestone D core sample with free 
gas saturation established by solution drive to depletion re- 
sulted in greatly different performance. There was no oil bank 
formed before water breakthrough and the added oil recovery 
by water drive was only 9.7 per cent pore volume. A possible 
explanation of the low water drive recovery based on pore 
structure observations is as follows: 

This core sample has a pore space made up of a system of 
large pores and an adjacent system of small, intercrystalline 
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pores. Because the gas saturation was established by solution 
drive, it was present in each of these pore systems. A water 
drive could displace the oil and gas in the large pores and at 
the same time resaturate the smaller pores with oil. As a 
result, an oil bank tending to be formed by oil from the larger 
pores would continually be dissipated into the smaller pores. 

It can therefore be seen from the results of the water drives 
with free gas saturation present and in the absence of inter- 
stitial water that the desirability of a water flood following 
depletion is dependent on pore geometry. This pore geometry 
can be deduced by performance data by both solution and 
external gas drive. 

The degree of divergence between solution gas drive k,/k, 
and external gas drive k./k, should be a good measure of the 
heterogeneity of the pore system and hence the tendency of 
injected water to sweep out only a portion of the pore space, 
thereby resaturating the rest. 


CONCLUSIONS 


This is a report on a continuing effort to determine the 
performance of limestones by model flow tests. The conclusions 
drawn from the model flow tests run to date are: 

1. Even from the limited data available, it is obvious that oil 
recovery from limestones can vary several-fold (e.g., 12 to 
58 per cent by solution gas drive in tests reported here). 
This variation is undoubtedly due to the variation in pore 
structure, degree and type of interconnection, although not 
enough information is available to arrive at any correlation 
between performance and other observable factors. Ob- 
viously, recovery estimates based on any “average recovery 
factor” can be very misleading. 

2. A good agreement exists between model and field solution 
gas drive data when the cores tested have pore geometry 
representative of the pore geometry of the gross reservoir. 
This suggests that a model apparatus, procedure, and 
method of calculation have been developed which yield 
data applicable for producing reservoir predictions. 

3. Limestones may show very great differences in gas-oil rela- 
tive permeability relationships between solution and exter- 
nal gas drives. Where this difference exists, it indicates the 
inadyisability of extrapolating field solution gas drive per- 
formance to predict external gas drive performance. 

4. Supersaturation of the oil phase exists in laboratory solu- 
tion gas drives. This may cause calculated relative perme- 
ability ratio values to be in error by as much as 100 per 
cent if no corrections are made. The degree of supersatu- 
ration appears to have no effect on the relative permeability 
characteristics of intergranular pore space type of rocks. 

5. Water flood performance following solution gas drive varies 
considerably between the intergranular and more hetero- 
geneous types of limestone. 
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DISCUSSION 


By L. F. Elkins, Sohio Petroleum Co., Oklahoma City, Okla., 
Member AIME 


The data presented by the authors have indicated close 
agreement between gas-oil relative permeability ratio deter- 
mined by laboratory tests and by field production. I should 
like to know how the field performance - relative permeability 
relations were calculated since many factors are involved in 
properly averaging data. Relative permeability ratios calculated 
from average gas-oil ratios and referred-to average saturations 
for the entire reservoir do not give the true relation between 
these factors since gas-oil ratios do not vary linearly with 
saturation. In fact, the production from an individual well is 
actually the composite of production of many separate strata 
which undoubtedly are at different degrees of depletion at any 
particular time. Thus, even individual well performance is 
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difficult to analyze for comparison with special laboratory tests. 
It appears to me that proper comparison of field and laboratory 
determined relative permeability saturation relation can be 
made only at two points: first, when gas-oil ratios just begin 
to exceed the solution gas-oil ratio, and second, when the field 
is nearing ultimate depletion. 


AUTHORS’ REPLY TO MR. ELKINS 


A mathematical study has been made to determine the rela- 
tive depletion of several strata of different permeability and 
limited communication. One case studied was that of two 
strata, one 40 ft thick and 10 md permeability and the other 
100 ft thick and 40 md permeability, separated by a 10-ft thick 
section having a vertical permeability of 0.01 md. Under nor- 
mal prorated production, the pressures in the three strata were 
within 20 psi of each other under depletion. From this extreme 
case, it can be concluded that for practical purposes, the gas 
saturation is uniform during depletion in most stratified reser- 
voirs. However, if there is differential depletion between dif- 
ferent areas of the field, the effects of this difference must be 
taken into account in determining the field k,/k,. 


DISCUSSION 


By A. B. Dyes, Atlantic Refining Co., Dallas, Tex., Junior 
Member AIME 


We are surprised that you can secure small samples three 
by nine in. and have them represent an entire reservoir. Even 
in homogeneous sandstones, we cannot get samples that will 
give proper relative permeabilities 
performance. 


to correlate reservoir 


AUTHORS’ REPLY TO MR. DYES 


We want to issue a word of caution. The use of laboratory 
tests is not a 100 per cent sure and easy method of determin- 
ing the performance of a field. There is no beforehand means 
of selecting a sample or samples of a well core which will 
have performance characteristics representative of the reser- 
voir. It is rather a problem of testing a number of samples. 
If the k,/k, characteristics measured on all the samples are 
identical, then these samples, at the very least are representa- 
tive of the section of the reservoir from which they were taken. 
If they had widely different performance, you have to use 
some sort of averaging procedure. We are presen‘ly attempting 
to develop such a procedure. kk Ok 
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FORMATION FACTORS OF UNCONSOLIDATED POROUS 
MEDIA: INFLUENCE OF PARTICLE SHAPE AND 
EFFECT OF CEMENTATION 


M. R. J. WYLLIE AND A. R. GREGORY, GULF RESEARCH AND DEVELOPMENT CO., PITTSBURGH, PA., 
MEMBERS AIME 


ABSTRACT 


The literature reveals that scant attention has been paid to 
the systematic experimental determination of the formation 
factors of unconsolidated porous media. No experiments appear 
to have been made on the effect of increasing cementation on 
the formation factor of an initially unconsolidated porous 
medium. 

Measurements have accordingly been made of formation fac- 
tors as a function of porosity for aggregates of spheres in the 
porosity range 12-56 per cent and of cubes, cylinders, discs 
and triangular prisms in the porosity range 30-45 per cent. 
The results are examined in the light of the theoretical equa- 
tions of Clerk Maxwell, Fricke and Slawinski. 

Aggregates of unconsolidated spheres and beach sands have 
been artificially cemented with silica and the formation factor- 
porosity relationships determined. A theory is outlined which 
seeks to explain the results obtained and which postulates 
that formation factor and porosity data for consolidated sand- 
stones may be used to determine the original porosity of the 
unconsolidated sands from which the consolidated sandstones 
were derived. It follows also that for consolidated sandstones 
F = Ce¢* where F is formation factor, ¢ fractional porosity 
and C and & are constants. 


INTRODUCTION 


All schemes of electric log interpretation implicitly or ex- 
plicitly require the use of formation resistivity factors or, as 
they are now generally called, formation factors. The originator 
both of the concept of formation factor and of the use of 
formation factor data in electric log interpretation was Archie.’ 
More recently it has been suggested that formation factors are 
of value in describing fluid flow in porous media. A full dis- 
cussion of this problem together with adequate references has 
been given by Wyllie and Spangler.’ 

In spite of the theoretical and practical importance of the 
subject, there appear to be remarkably few basic formation 


1References given at end of paper. 

Manuscript received in the Petroleum Branch office July 31, 1952. Paper 
presented at the Petroleum Branch Fall Meeting in Houston, Tex., Oct. 
1-3, 1952. 
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factor data in the petroleum literature. A wider search reveals 
that this situation is not confined to the literature of the 
petroleum industry. 


At various times over the last century, attempts have been 
made to compute the theoretical relationship between the for- 
mation factor and porosity of simple systems of unconsolidated 
particles. However, the formulae derived are not all identical 
and the experimental evidence adduced in support of each is 
not wholly conyincing. Most of the experimental work has 
been carried out on systems of unconsolidated spheres, 
although some attention has been given to systems of spheroids 
and cylinders. Other simple shapes have received neither the- 
oretical nor experimental investigation. The writers feel that 
a better understanding of the formation factors of complex 
systems of practical importance requires a firm foundation of 
reliable experimental data applicable to simple systems. 
Accordingly, they have reviewed the relevant literature and 
have determined experimentally the relationship between the 
formation factor and porosity of unconsolidated aggregates of 
particles of regular geometrical shapes. Some experiments have 
also been carried out to investigate the effect of cementation 
on the formation factor-porosity relationship. 


PREVIOUS WORK 


Although the term formation factor was not used, the rela- 
tionship between the resistivity of a solution containing 
dielectric solids and the resistivity of a similar solution not 
containing solids is an old and important problem. 


The formation factor of a system of dispersed spheres as a 
function of porosity was considered by Clerk Maxwell. Max- 
well arrived theoretically at the following expression: 

3-¢ 
2¢ 


where F is formation factor and ¢ fractional porosity. 


Lord Rayleigh’ also examined the problem of the formation 
factor of systems of spheres and cylinders and concluded that 
for spheres Clerk Maxwell’s expression gave a value of F 
which, at low porosities particularly, was too small. However, 
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Lord Rayleigh’s expressions were extremely complex and were 
not supported by any experimental data. 

Fricke’ generalized Clerk Maxwell’s treatment; he incident- 
ally confirmed Equation (1) for spheres. His more general 
expression, applicable not only to spheres but also to oblate 
and prolate spheroids, was 


xp 


where x = 2 for spheres and x<2 for spheroids. The greater 
the axial ratio of the spheroid, the smaller Fricke computed 
x to be. Fricke’s mathematical treatment appears to indicate 
that in any randomly disposed aggregation of particles F will 
be a minimum, for any value of porosity, when the particles 
are spherical. Some experimental data were adduced by Fricke 
and by Fricke and Morse’ to support his mathematical conclu- 
sions. While the data appear to substantiate the approximate 
accuracy of Equation (2), they cannot be held to confirm it 
to any high degree of precision. Most of the data presented 
by Fricke and Fricke and Morse lead only to the conclusion 
that Equation (2) reflects rather well the relative change in 
F which accompanies a change in the porosity of a randomly 
disposed aggregate of particles of a particular shape. 

Slawinski’ has also discussed the relationship between F’ and 
¢ for aggregates of spheres both in contact and dispersed. The 
contribution of Slawinski appears to have been rather neg- 
lected, possibly because the mathematical approach he used 
is so simple and crude as to be superficially unconvincing. 
Nevertheless, Slawinski presents more experimental evidence 
than other workers to support his theoretical deductions. 

For an aggregate of spheres which are in contact with one 
another Slawinski derives 


(1.3219 — 0.3219 


: 


Isolated measurements of the formation factors of unconsoli- 
dated systems of spheres and silica sands at various porosities 
have been reported in the literature. Notable among these are 
those given by Archie,’, by Klinkenberg’ and by Schofield and 
Dakshinamurti.® 


EXPERIMENTAL 


Preparation of Particles of Regular Shape 

Glass or plastic spheres which have high sphericity may be 
obtained with a wide range of diameters. The separation of 
relatively non-spherical particles from particles of high 
sphericity may be achieved by making use of the greater ability 
of the latter particles to roll down a slightly inclined plane. 

The procurement of accurately sized particles of non-spheri- 
cal shape presents a problem of greater difficulty. In this work 
the problem was largely solved by utilizing an ingenious sug- 
gestion made to the writers by Forrest F. Versaw of the engi- 
neering division of these laboratories. Plastic (Lucite) rod of 
square, circular, triangular and other regular cross-sections 
may be purchased. Since these rods are manufactured by an 
extrusion process, their cross-sections are extremely uniform. 
To prepare, for example, cubes, it is then necessary to cut a rod 
of the square cross-section into lengths equal to the length of a 
side of the cross-section. At the suggestion of Versaw this was 
expeditiously achieved in the following manner. A die was pre- 
pared containing six square holes of a size just sufficient to 
pass the plastic rods. A flat plate was mounted behind the die 
at a distance from it approximately equal to the length of a 
side of the required cube. Six rods were then pushed through 
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the holes in the die and against the plate and while in this 
position were cut by means of a thin-bladed circular saw 
mounted eccentrically. The eccentricity of the saw blade 
insured that cutting could occur during only approximately 
half the time required by the saw to make one complete revo- 
lution. During the non-cutting portion of the cycle, the rods 
were again pushed against the plate, this action leading to six 
more cubes being cut as the saw rotated. A jet of air was used 
to blow the cut particles from between the die and plate into 
a container. Utilizing this technique, it was easily possible, 
by applying steady pressure to the six rods, to cut cubes at 
the rate of some 200 a minute. The cut lengths, after initial 
adjustments of the saw blade and back plate had been made, 
were found to be reproducible to within =0.001 in. Feathering 
of the cut edges was small and was removed by tumbling the 
particles in a ball-mill containing sawdust. 

Cubes, cylinders and triangular prisms were prepared by 
this method using appropriate dies. Discs were obtained by 
stamping from plastic sheet. 


The dimensions and other properties of all regular particles 
used, together with information bearing on the properties of 
some natural sands which were also investigated, are given in 


Table 1. 


Method of Measuring Formation Factor 


Formation factor measurements were carried out by packing 
the particles in plastic or glass cylindrical cells. Cells varied 
in size from a five in. diameter cylinder with a volume of 2,418 
cu cm to a six mm diameter glass tube with a volume of 6.9 
cu cm. The electrical resistance of the column filled with 
electrolyte only was measured first, followed by the resistance 
of the column packed with particles and saturated with the 
same electrolyte. The electrolyte used was either 0.1 NV or 0.5 N 
potassium chloride. The ratio of the two measured resistances* 
gives the formation factor directly. 


The majority of the formation factor data for the uncon- 
solidated particles were obtained using a five in. internal 
diameter cylindrical cell designed to utilize either a two- 
electrode or a four-electrode resistivity measuring system. It 
was found (Fig. 1) that the measurement was sensitive to the 
ratio of the diameter of the cell to that of the particle. A mini- 
mum ratio of 25 was found to be necessary. This measurement 
was easily satisfied when the five in. diameter cell was used. 
Porosities were determined from the weights and densities of 
particles used and the known volumes of the cells. 


= 
All resistances were first corrected to 25°C. 
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Table 1—Summary of Properties of Particle Aggregates Used 


Average Average Average “i 
Particle Material Dimensions Area Volume Density ea Sphericity 
Spheres Glass 3 mm dia. 0.2827 cm? 1,41 x 10% cm’ 2S 1.000 
Spheres Polystyrene 1.3 mm dia. 0.0531 cm* 1.15 x 107° cm? 1.044 1.000 
3M Superbrite Beads ; 
Grade No. 5 Glass 0.711 mm dia. 1.58 x 10° cm? 1.88 x 105 em* 2.90 1.000 
Grade No. 7 Glass 0.470 mm dia. 6.94.x 10°* em? 5.43 x 10° em’ 2.893 1.000 
Grade No. 9 Glass 0.279 mm dia. 2.44 x 10°° cm? 1.14x 10° cm? 2.87 1.000 
Grade No. 12 Glass 0.127 mm dia. 5.07 x 10% cm? 1.07 x 10°° cm® Deli 1.000 
Grade No. 19 Glass 0.033 mm dia. 3.42 x 10° cm? 1.88 x 10° em* 2.39 1.000 
Cubes Lucite 0.1267 x 0.1264 9.61 x 10° in? 03x 1.176 0.805 
x 0.1263” 
Cylinders Lucite 0.1299” dia. 1.199% 10> ine 1.674 x 10°* 1.176 0.875 
0.1264” het. 
Discs Plastic 0.1252” dia. 4.92 x10° in? 7.693 x 10°* in.#* 1.434 0.818 
0.0624” het. 
Triangular Prisms Lucite 0.2514” length 11.24x 10° in? 0.644 
0.1120” hgt. A 
0.1120” het. B 
Gulf Coast Beach Sand Silica 2.64 817 
Ottawa Sand Silica 2.65 0.895 
Creek Sand Silica 2.65 0.819 


Control of Porosity 


When the formation factor-porosity relationship in any un- 
consolidated aggregate is determined, it is desirable to cover 
the widest possible porosity range compatible with the retention 
of contacts between particles. Graton and Frazer’ established 
six types of stable packing arrangements for spheres. These 
yaried from a cubic packing with a porosity of 47.6 per cent 
to rhombohedral packing with a porosity of 25.95 per cent. 
Other definite geometrical arrangements yield porosities which 
lie between these twe extremes. However, regular packings are 
anisotropic and in this work it was particularly desired that 
the packings achieved should always be isotropic. 


When three mm glass spheres were used, it was found pos- 
sible to cover a porosity range of only four per cent (36- 
40 per cent) by dint of jarring or vibrating the container in 
which the spheres were packed. By mixing spheres of different 
sizes, a wide range of porosities could be covered. Furnas” 
developed a method for computing the proportion of particles 
of various sizes needed to produce a mixture of minimum poros- 
ity. In general, he found that minimum voids were obtained 
as the ratio between the sizes of particles used increased and, 
within limits, as the number of sizes increased. Although the 
formulae developed by Furnas are not rigorous, they are 
approached quite closely in actual measurements made with 
spheres. In this work, the minimum ratio of the diameters of 
spheres used was 0.011. When a two-component mixture com- 
prised of 71.3 per cent by volume three mm diameter spheres 
and 28.6 per cent by volume 0.033 mm diameter spheres was 
used, a minimum porosity of 16.25 per cent was achieved. This 
figure is in good agreement with the postulates of Furnas. 
However, when a third component, spheres of diameter 0.711 
mm were added to the mixture (in the volumetric ratio three 
mm = 58.1 per cent, 0.711 mm = 23.5 per cent and 0.033 mm 
= 18.4 per cent) the porosity was decreased further to 12.4 
per cent. This is not in accordance with the views of Furnas. 
who suggested that when the ratio of diameters is greater 
than 0.003 only two components are required to achieve a 
minimum porosity. 


In the case of particles other than spheres, only one size was 
available and this fact necessarily reduced the range of poros- 
ity over which it was found possible to make measurements of 
formation factor. Nevertheless, as is noted below, the trend 
of the results for non-spherical particles parallels comparable 
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data for spheres. There seems no reason to believe that an 
increase in the range of porosities of the packings of any of 
the non-spherical particles used would lead to anomalous data. 


Cementation 


It was not possible to reproduce any natural methods of 
cementation in the course of this work. Nevertheless, while 
realizing the limitations of the method used, it was considered 
worthwhile to cement artificially unconsolidated porous media 
and to determine the relationship between formation factor 
and porosity in such cemented media. Two types of uncon- 
solidated packings were chosen for the experiments; glass 
spheres and a beach sand. By controlling the particle size 
distribution, it was possible to vary the original porosity of 
the unconsolidated packings of spheres before cementation 
was commenced. The cementing material was introduced by 
first saturating the unconsolidated particles with a hydrolyzed 
solution of tetraethyl orthosilicate. A stream of air was then 
blown through the saturated aggregate. The air led to the 
evaporation of alcohol and the formation of hydrated silica gel 
between the particles. This gel served to bind the particles 
together. The porous aggregate containing the hydrated silica 
gel was then heated to drive off the water; a pure silica 
deposit remained. A repetition of this series of operations 
served to decrease the porosity to any desired figure. In prac- 
tice, it was necessary to confine the unconsolidated material in 
a Lucite cylinder of one in. internal diameter. Since the evapo- 
ration of alcohol takes place preferentially at the ends of the 
core, the silica deposit builds up rapidly at these two points. 
To achieve entirely homogeneous cementing does not seem 
possible, but a reasonable approximation to homogeneity may 
be attained if a core about 10 in. long is cemented and this 
core is cut into sections each of which is about 1% in. long. 
It was found that sections which were taken from near the 
center of the original long core were reasonably homogeneous. 


Formation factor measurements were made on the artificially 
cemented cores after they had been saturated with a 0.5 NV KCl 
solution. The cores were clamped between platinized-platinum 
gauze electrodes which were backed with cotton compresses 
saturated with 0.5 N KCI solution. Porosities were calculated 
by weighing cores both dry and after they had been saturated 
with KCZ/ solution. The resistivity of the saturating KCI/ solu- 
tion was obtained from measurements made with a calibrated 
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FIG. 2 — FORMATION FACTOR - POROSITY DATA OF UNCONSOLIDATED 
PARTICLE AGGREGATES FOR ¢ = 30-50 PER CENT. 


dip cell. All measurements of cemented cores were made using 
the two-electrode method, and all resistivities were corrected 


Sphericity Determinations 


In order to classify the shape of the particles, sphericity cal- 
culations were made for all the non-spherical particles used. 
The sphericity of the large plastic particles of definite geo- 
metrical form was determined according to the definition of 
Wadell™ for true sphericity. 

For sand grains of irregular shape, Wadell’s method” for 
determining the sphericity of particles was used. Fifty grains 
were chosen at random from representative sand samples for 
these measurements. The results of the sphericity measure- 
ments are shown in Table 1 and Fig. 4. 


Unconsolidated Packings 


Fig. 2 shows a comparison of the formation factors of all 
unconsolidated particle aggregates examined for the porosity 
range 0.30-0.50. Fig. 3 shows the data for spheres over the 
wider porosity range 0.12-0.56. In each figure curves corre- 
sponding to Equation (1) and Equation (3) are shown, to- 
gether with a curve for the relationship F = ¢**. The latter 
expression, based on Archie’s original work, is often quoted 
as the formation factor-porosity relationship for unconsolidated 
porous media. 

Considering first the data of Fig. 2, it is evident that the 
Clerk Maxwell equation, (1), underestimates the formation 
factors of spheres in contact. The same is true, but to a lesser 
extent, of the Archie relationship F = ¢**. The Slawinski 
equation, (3), appears to fit the experimental data extremely 
well in the porosity range shown. 

The data appear qualitatively to satisfy the general predic- 
tions of the Fricke equation, (2). That is, at any porosity the 
formation factor appears to be a minimum for spheres. The 
difference at any porosity between the formation factor of an 
aggregate of spheres and an aggregate of non-spherical par- 
ticles may be as much as 20 per cent. The shape of the par- 
ticle is clearly of importance in affecting the magnitude of 
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this difference. An attempt to correlate the experimental data 
with the Wadell sphericities is made below. 


Th Fig. 3 it will be seen that the experimental data for 
spheres indicate that the Slawinski formula gives formation 
factors at porosities less than 0.20 which are too low. The 
Archie relationship fits the experimental data very well for 


0.25>4>0.10. 


Fig. 4 shows a plot of Wadell sphericity against formation 
factor for all particles used. The porosity chosen for plotting 
the figure is 0.35. Although the trend of the plotted curve 
indicates an increase of formation factor with decrease in 
Wadell sphericity, there is a considerable scatter of points. 
The scatter is least for the sands which are, of course, not 
composed of identical particles and which might, therefore, 
be presumed to have a tendency to fit an average curve. 


Consolidated Packings 


Fig. 5 shows the effect of cementation on the formation 
factor of packings of varying initial porosities and particle 
shapes. The very rapid increase in formation factor which en- 
sues as porosity is decreased by the presence of cement is 
obvious. 


It was found virtually impossible to produce an entirely 
homogeneous distribution of cement in the cores. In conse- 
quence the accuracy of the data in Fig. 5 is not as high as 
that of the data presented for the unconsolidated packings. 
Nevertheless, the experimental data appear to indicate that 
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the best relationship between formation factor and porosity 
is a straight line on double logarithmic paper. The line passes 
through an initial point defined by the formation factor and 
porosity of the unconsolidated aggregate which was cemented 
in a particular series of experiments. The data appear to indi- 
cate that for the particular type of cementing used the rela- 
tionship between formation factor and porosity has the form 


where & = 4.2 and C is a constant controlled by the porosity 
and formation factor of the original unconsolidated aggregate 
before it was cemented. 


DISCUSSION 


The data obtained for the formation factor-porosity relation- 
ships of unconsolidated aggregates of particles have been 
shown in Figs. 2 and 3. From a practical point of view, espe- 
cially in the application of formation factor data to electric 
log interpretation, the following points seem worthy of em- 
phasis. The formation factor of an unconsolidated aggregate 
of particles is unquestionably a function of the average shape 
of the particles constituting the aggregate. At any porosity, 
in an isotropic packing, the formation factor is a minimum for 
a packing of spheres. For aggregates of sand grains such as 
are encountered in nature, the formation factor-porosity rela- 
tionship will probably lie somewhat above the line shown on 
Fig. 3 for spheres. The actual position of the line will be 
dependent upon the sphericity of the sand grains but the 
data given for the beach sand may be regarded as reasonably 
typical. The fact that the points for triangular prisms do not 
parallel those for particles of other shapes is almost certainly 
a consequence of the tendency of aggregates of triangular 
prisms to orientate as their porosity is decreased. 

No existing formula relating the formation factor and poros- 
ity of unconsolidated packings of particles fits all the experi- 
mental data found. For spheres Slawinski’s formula, Equation 
(3) is excellent when 0.25<¢<0.56. Archie’s well-known 
relationship / = #*’ matches the experimental data reason- 
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ably well when 0.10<¢<0.25. (For natural sand grains an 
exponent somewhat higher than 1.3 would be necessary; about 
1.35 might be a good choice. However, the fact that most 
natural sedimentary sand beds are somewhat anisotropic may 
make this difference, in practice, largely an academic 
distinction. ) 


It is important to note that the Archie formula is only 
approximate and does not hold over the range of porosities 
which may be obtained with unconsolidated packings. More 
important is the fact that the experimental data indicate that 
even for unconsolidated packings the Archie formula, F = ¢™ 
where m is a constant, is not accurate and is of no funda- 
mental significance. This observation is important when con- 
solidated porous media are considered. The erroneous belief 
that F = ¢** for unconsolidated porous media had funda- 
mental significance appears to have led to the unwarranted 
assumption that F = ¢™, with m a constant, for consolidated 
porous media of various kinds. This formula was challenged 
by Winsauer, Shearin, Masson and Williams” who suggested 
that F = Cé*, with C and k constant, was a better relation- 
ship. Winsauer et al reached their conclusion empirically, but 
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many experimental data support their formula, including data 
by Archie.“ as one of the writers has noted.” 


The relationship between formation factor and porosity in 
consolidated porous media is of the greatest practical impor- 
tance in logging since consolidated porous media are more 
common than unconsolidated and a formula connecting F and 
¢ is essential if the step from an electrical parameter to a rock 
parameter is to be made. By and large the data obtained in 
this work tend to support formulae of the type F = C¢™*. 
They do not lend any credence to formulae of the type F = ¢™ 
except coincidentally as specific forms of the more general 
equation. 


The writers are aware that the cementing process they used 
was highly artificial. Objections can be made on this score to 
the validity of the data obtained and their applicability to 
natural consolidated porous media. Nevertheless, because of 
the practical importance to geologists of the conclusions 
reached if their theory is correct, and because it affords oppor- 
tunity for checking by other workers, the writers present a new 
theory to cover the many experimental data reported for the 
formation factor-porosity relationship in naturally consolidated 
sedimentary rocks. 


THEORY 


Archie’ was the first to demonstrate that if the measured 
formation factors and porosities of specimens of a consolidated 
sandstone formation were plotted on double logarithmic paper, 
a scatter of points was obtained through which it often ap- 
peared justifiable to draw a straight line. This observation 
has been confirmed by much subsequent work. 


The human eye does not function logarithmically and core 
analysis, even under ideal conditions, is surprisingly inaccu- 
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rate. It is desirable not to plot individual plug analyses. In- 
stead, formation factors which are the averages of large num- 
bers of individual measurements in porosity ranges of one 
or two porosity per cent should be plotted against the average 
porosities of the ranges. This method frequently gives rise to 
surprisingly good straight line plots and confirms the fact 
that the relationship between formation factor and porosity is 
of the form F = C¢*. It reveals at the same time that F = ¢™ 
is a particular case of this relationship and one less often 
encountered than has perhaps been believed. Fig. 6 is an 
example of the method. In Fig. 6 the greatest weight is at- 
tached to those points which are of greatest statistical 
significance. 


The regularity that nature evinces must have a rational 
explanation. It appears that an explanation which best fits all 
current data may be based on the well-known relationship 
between resistivity index and saturation in porous media. 
A review of this subject has been given elsewhere.” It will 
suffice to say that it has been established that the relationship 
between resistivity index, /, and fractional wetting phase satu- 
ration, S,, is of the form 


The exponent n for any particular porous medium is a con- 
stant but has a magnitude which depends upon the manner 
in which the saturation S, is varied. Fig. 7 shows this strik- 
ingly; in the same porous medium n can be 2.6 or 4.6 depend- 
ing upon whether the saturation is varied by capillary imbibi- 
tion or drainage. Other methods of changing the saturation, 
i.e., by flushing, are known to result in still other values of n2 


It has been shown” from electrical and relative permeability 
data that the relationship betwen non-wetting phase resistivity 
index, /,, and fractional non-wetting phase saturation, S,, is 
also of the form of Equation (5). That is 
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FIG. 7 — RESISTIVITY INDEX-SATURATION PLOT FOR AN ALUMINA 
CEMENT CORE (REPLOTTED FROM FiG. 3 OF CRONEY, COLEMAN AND 
CURRER’). 
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If n varies in Equation (5) so must & in Equation (6) since 
the two indices are interrelated. Thus, in the same porous 
medium & will vary widely depending upon the manner in 
which the non-wetting phase saturation is yaried. In the 
cementing process used in this work k was 4.2; different 
cementing processes would presumably lead to other values 


of k. 


Now /, = F/F, where F is the formation factor of a sand 
at any stage of cementation and F, is the formation factor of 
the sand before cementation commenced. 


I, = F/F, = 1/S,* from Equation (6) 
= 


II 


(7) 


In Equation (7) 9%, is the porosity of the sand originally 
before cementation commenced, ¢ the porosity of the partially 
cemented sand. The constant C is defined by the formation 
factor and porosity of the original unconsolidated sand (par- 
ticle shape, sorting and degree of compaction) and the expo- 
nent & (type of cementing process). 


Thus theory lends support to the view that the fundamental 
relationship between formation factor and porosity in con- 
solidated sandstones is F = C¢*. That is, a straight line is 
obtained when plotting appropriate formation factor and 
porosity data on double logarithmic paper. This straight line 
actually goes through an origin defined by the porosity and 
formation factor of the original unconsolidated sand before 
cementation commenced. It is possible to estimate the original 
porosity from diagrams of the type shown on Fig. 8. This 
diagram is plotted for particles which are perfect spheres. 
To .illustrate its use, the data on Fig. 6 which give F = 
0.65 ¢ *”, may be introduced. As shown on Fig. 8, for C=0.65, 
k = 1.91, the original porosity, ¢,, of this sand appears to have 
been about 44 per cent. If less spherical grains are assumed, 
¢, would be somewhat smaller. 
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DISCUSSION 


By R. D. West, Trinidad Leaseholds, Ltd., Pointe-a-Pierre, 
Trinidad, B.W_1. 

Wyllie and Gregory say that, in general, the Archie rela- 
tionship /’ = ¢'* tends to underestimate the resistivity factor 
of an unconsolidated system of spheres for a giyen porosity 
between 0.30 and 0.50. The agreement is said to be good, how- 
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ever, when ¢ is between 0.25 and 0.10. The Archie relationship 
was found to underestimate the resistivity factor in the 0.30 
and 0.50 range, and this suggests the exponent m is numeri- 
cally too small. 

In this connection it is interesting to consider the simple case 
of the theoretical stable packings of equal sized spheres. 
Graton and Fraser’ list six such packing systems, although 
there are only four if orientation is ignored. The cubic system, 
with a porosity of 0.4764 and the rhombohedral system, with 
a porosity of 0.2595 are the isotropic end members, and the 
orthorhombic and the tetragonal-sphenoidal systems, with 
porosities of 0.3954 and 0.3019 respectively, are intermediate 
anisotropic members. 

Considering first the two isotropic systems: Pirson’ has 
shown that the resistivity factor in the direction of any of the 
axes of the packing system is equal to 2.64 for the cubic system 
and 5.81 for the rhombohedral system. These two quantities 
are thus the resistivity factors for the two systems. 

Assuming that the equation relating F to ¢ is in the form 
F =a. we have 


2.64 = a. (0.4764)” 


Solving these simultaneous equations, we get a= 1 and b= 
—].3. Here then are at least two points in the range 0.30 to 
0.50 in which the Archie relationship is valid. 

With the anistropic orthohombic packing, the resistivity fac- 
tor is 3.38 along two axes of the packing system and 4.40 along 
the third. With the former resistivity factor, the exponent m 
is —1.3, and with the latter it is —1.6. Thus in general, since the 
resistivity factor for this system will be somewhere in the 
range 3.38 to 4.40, the exponent will be somewhere in the 
range —1.3 to —1.6. 

Examining the way in which the resistivity factor is calcu- 
lated for these packing systems, we see that the essential 
variation is the integral, which has two varying factors, the 
shape of the grain and its limits in angular measure. In these 
cases, the grain shape is the same, but the limits of the integral 
decided by the nature of the packing, are different. 

Considering mixtures of different sizes of spheres qualita- 
tively we see that the grain shape is unchanged but the limits 
of the integral, by increased “nesting” are changed in such a 
way as further to increase the resistivity factor. According to 
Furnas,’ the porosity of a “normal” packing of spheres of 
different sizes is less than the porosity of any one of its size 
components. Thus, with different sizes of spheres we expect 
a higher resistivity factor and a lower porosity than with equal 
sizes of spheres. 

If the increase in the one has a certain proportion to the 
decrease in the other, the relationship F = ¢** may still hold. 
If, however, one changes at a different rate relative to the 
other, the value of the exponent would change. This funda- 
mental point seems worthy of experimental examination. 

From the above analysis one would expect the Archie rela- 
tionship to be valid with isotropic mixtures of equal or nearly 
equal sized spheres from the lowest porosity obtainable (some- 
thing below 0.25) up to a porosity of 0.4764. The Archie rela- 
tionship would, in general, underestimate the resistivity factor 
for anistropic mixtures of such spheres. Its validity for mix- 
tures of spheres of considerably different sizes cannot yet 
be forecast. 

If the mixtures of spheres used by Wyllie and Gregory to 
obtain porosities in the range 0.30 to 0.50 were isotropic, it 
seems that the Archie relationship should apply to this porosity 
range almost more than to the lower porosity range, in which 
the spheres were presumably of more widely different sizes. 

Referring to Fig. 3 in Wyllie and Gregory’s paper, it can be 
seen spheres approximate closest to the Archie relationship, 
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then come shapes with some curved and some flat surfaces, 
then shapes with all flat surfaces. While an analysis of the 
effect of grain shape on the resistivity factor integral has not 
been made. it would seem that higher resistivity factors (and 
hence a numerically greater exponent for a given porosity ) 
should result when there are sharp corners instead of only 
curved surfaces bounding the pore channels. This point, too, 
seems worthy of experimental examination. 


Finally on a point of nomenclature: Archie defined a “for- 
mation resistivity factor.” This has by some, including Wyllie, 
become shortened to “formation factor.” There are, however, at 
least two important formation factors: the formation resistivity 
factor and the formation volume factor. Furthermore, it does 
not seem correct to talk of the “formation factor” of a mud 
slurry, but the “resistivity factor” of a mud slurry seems a 
reasonable quantity. We suggest that Wyllie change over from 
his “formation factor” to a “resistivity factor.” It will also 
correspond better with his “textural factor” and others. 
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AUTHORS’ REPLY TO MR. WEST 


West has adduced Pirson’s calculated formation factors for 
certain regular packings of spheres in an endeavor to show 
that for at least two porosities in the range 0.30-0.50 the Archie 
relationship F = ¢*° is valid. In doing this West appears to 
have fallen into a common error. Any regular packing of 
spheres is not truly isotropic, i.e., in consequence of its very 
regularity it does not show the same formation factor if meas- 
ured in any direction whatsoever. Only a truly random packing 
has this unique property. and it is specifically random packings 
that were discussed in the paper. Whether Pirson’s expressions 
for the formation factor of certain regular packings calculated 
for definite directions of measurement would agree with appro- 
priate experimental observations we are unable to say. How- 
ever, there is a distinct possibility that they would not, since 
in making the calculations the lines of current flow appear to 
have been assumed parallel to each other under all circum- 
stances. This can only be a first approximation to the true state 
of affairs. 

The difficulties of computing conduction through the inter- 
stices of porous media, even those composed of particles of the 
simplest geometry, are enormous. This, of course, is the reason 
why, even today after a century of effort, no accurate general 
expression exists. The work of Fricke, to which reference has 
been made, may be cited to show the complexity of the mathe- 
matical procedures. 

We are in complete sympathy with West’s strictures regard- 
ing nomenclature. The only defense we can make is that we 
have followed current practice. The possibility of confusing 
formation factor with formation volume factor is, fortunately, 
rather remote. Unquestionably, however, resistivity factor 
would have been a less ambiguous shortened form of forma- 
tion resistivity factor than the present formation factor. How- 
ever, we might point out that at least formation factor is a 
form rather analogous to “cell factor” which is commonly used 
in physical chemistry. Perhaps the real reason for the use of 
the term is that F was an unused symbol in the logging 
literature while R might have been confused with resistivity. 
Also, in teaching, alliteration is the pedagogue’s pride; F, for 
resistivity factor, would be regarded as thoroughly undesirable. 
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ABSTRACT 


This paper concerns the rupture or breakdown of rock for- 
mations as related to drilling, completing, and stimulating 
production of wells, and comprises data compiled from a study 
of literature and records of treatment of oil and gas wells, and 
from tests conducted in bores drilled into rock cores and out- 
crops of rock. Results of the investigation indicate that the 
internal pressure to rupture cylinders of rock and to break- 
down rock formations surrounding a bore in the earth is 
dependent upon the extent of intrusion of fluids, the position 
of bedding planes, the ratio of internal to external diameter. 
the tensile strength of rock, and magnitude of confining pres- 
sure, and is independent of the size of bore, degree of fluid 
saturation, and temperature of rock within practical limits. 

It is concluded that the mathematical relationship of pres- 
sure in bores and stresses in the surrounding rock must not 
be limited by the simplifying assumptions of homogeneity, 
isotropy, and impermeability; that the incidence of lost circu- 
lation of drilling fluids to induced fractures may be reduced 
by preventing intrusion of fluids into the small intrinsic frac- 
tures along weak bedding planes; and that the magnitude of 
the breakdown pressure of wells to be treated may be lowered 
by removal of mud cake. 


INTRODUCTION 


The purpose of this paper is to present and discuss the 
results of tests which may serve to broaden the understanding 
of the phenomena of rupture or breakdown of rock and thus 
contribute to the improvement of the techniques for drilling 
and completing wells, including such operations as preventing 
lost circulation, stimulating production, and placing cement. 

Since the early recognition of the possibility of rupturing 
rock adjacent to a well by fluid pressure, the distribution and 
magnitude of stresses around a well and the internal pressure 
to cause failure have been expressed mathematically by appli- 
cation of the principles defining the elastic and_ inelastic 
behavior of thick-walled cylinders of a homogeneous, isotropic, 


1References given at end of paper. 

Manuscript received in the Petroleum Branch office Oct. 1, 1952. Paper 
presented at the Petroleum’ Branch Fall Meeting in Houston, Tex., Oct. 
1-3, 1952. 
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impermeable material. In either the elastic or plastic state, if 
the conditions of homogeneity, isotropy, and impermeability 
were the normal characteristics of rock, there would be no 
reason to question the validity of the above principles when 
applied to rock. However, since most rock formations are 
characteristically permeable to some degree, contain bedding 
planes and small intrinsic fractures, and are heterogeneous, 
rendering invalid the assumptions of homogeneity, isotropy, 
and impermeability, the application of the thick-walled cylin- 
der theories to the behavior of rock formations penetrated by 
a bore appears illogical. Also the failure to consider the effect 
of the properties of the drilling fluids, which certainly intrude 
in various degrees into most rock formations, is further cause 
for questioning the application of these principles. Even in the 
case of cylinders of hardened chrome-nickel steel, which would 
be considered relatively homogeneous, isotropic, and imperme- 
able, as compared to rock, it has been observed that the 
internal pressure capable of being withstood by the cylinders 
varied with the sizes of molecules comprising the rupturing 
fluid used. 

Because of these apparent weaknesses in the theories of the 
behavior of thick-walled cylinders when applied to bores in 
rock, and the importance of knowing the true behavior of rock 
under the influence of fluid pressure when planning drilling 
and completing procedures for wells, tests were undertaken to 
determine by observation the actual rupturing pressure of 
cylinders of rock and the effects of such variables as environ- 
mental conditions and characteristics of rock formations, fluid 
properties, and bore dimensions. 

It was intended that by these tests the validity of the thick- 
walled cylinder theories when applied to rock would be deter- 
mined and, if found invalid, mathematical expressions would 
be derived for predicting stress and rupturing pressure of rock 
formations under various conditions. Since the derivation of 
mathematical expressions has been only partially completed, 
all of the results of the latter phase are not included in this 


paper. 


PROCEDURE 


The investigation was initiated with a study of the theories 
pertaining to the rupturing of thick-walled cylinders of homog- 
eneous, isotropic, impermeable material and a study of the 
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relationship of the earth’s overburden to stresses in rock. Then, 
cylinders formed with neat cement or prepared from samples 
of limestone, sandstone, and shale cores from subsurface forma- 
tions, and shallow wells in sandstone outcrops were ruptured 
by internal pressure. The pressure observed to rupture the rock 
was compared to the pressure calculated to cause inelastic 
action of the cylinders in accordance with theories pertaining 
to the behavior of homogeneous, isotropic, impermeable mate- 
rial. While rupturing the rock cylinders and formations sur- 
rounding shallow wells, the effects of the following factors 
were observed: (1) vertical load and external or confining 
pressure; (2) intrusion of fluid; (3) position of bedding 
planes; (4) size of bore; (5) external diameter-internal diam- 
eter ratio, (OD/ID) ; (6) tensile and shear strength of rock; 
(7) saturation; (8) intrinsic fractures; (9) temperature of 
rock. 


All of the cylinders tested were drilled in the centers along 
the longitudinal axes to various depths with diamond core bits. 
Fluid pressure was imparted to the cylinders through tubing 
sealed in the bores, as shown in Fig. 1, by either an expanding 
sleeve type of packer or by ordinary threaded connections in 
heavy sheets of polymerized methyl methacrylate bonded to 
the tops of the cylinders with a plastic cement. For tests inyolv- 
ing steady-state flow, cylinders were formed by drilling the 
bores entirely through the cores and closing the bases with 
solid sheets of polymerized methyl methacrylate bonded to the 
rock with a plastic cement. Pressure was obtained with positive 
displacement pumps and measured with indicating and record- 
ing gauges. A typical test setup is shown in Fig. 2. 

In tests where pump rate was not a factor, pressure was 
applied at a sufficiently slow rate to avoid “impact” or sudden 
pressure. For example, a pressure rise of 4,000 psi with a 
nonpenetrating fluid was obtained in a period of time of from 
three to eight minutes. Results of pilot tests indicated the rate 
to have no effect in the case of nonpenetrating fluids as long 
as impact loads were avoided. The tensile strength* of the 


*The tensile strength tests in this series of experiments were conducted 
using the procedure set forth in API Code 32 in which neat cement was 
poured around the ends of the rock specimens after being placed in stand- 
ard cement briquet mols. 


FIG. 1 — TYPES OF PACKERS USED FOR SEALING TEST CYLINDERS. 
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FIG. 2—TEST SETUP FOR APPLYING PRESSURE TO ROCK CYLINDERS. 


various rock formations used for tests was determined by 
measuring the tensile load to cause fracture of small cylin- 
drical specimens cored from the actual rock being tested. 
For the benefit of clarity to the reader, some details of pro- 
cedure are presented in the Results and Discussion that follow. 


RESULTS AND DISCUSSION 


Theories of the Behavior of Thick-Walled Cylinders 


The variation in the stresses from the inner surface to the 
outer surface of a thick-walled cylinder of homogeneous, iso- 
tropic, impermeable material is relatively large, so the value 
of the stresses found from the ordinary formula for a thin- 
walled cylinder may not be a satisfactory measure of the 
significant stresses in the thick-walled cylinder. 

The problem in the case of a thick-walled cylinder is to 
find the stresses at any point in the material in terms of 
internal and external pressure and radii of the internal and 
external surfaces. These values of the stresses depend upon 
whether the material is assumed to be in an elastic or plastic 
state. 

Material in Elastic State 

When the material is assumed elastic, the stresses in a 
cylinder are given by Lame’s formulas. In the following for- 
mulas the axial stress is assumed zero. This assumption facili- 
tates correlation of the formulas with results of experiments 
described later in this paper in which cylinders were ruptured 
while free to expand in the axial direction. 

Lame’s theory may be expressed mathematically as follows: 


Pale = (P;—P;) 
x 
= 5 (1) 
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S.= 
ry — Ty 
where, as shown in Fig. 3: 

Se = circumferential or tangential stress (a positive 
value is a tensile stress) 

= radial stress (a positive value is a compressive 
stress) 

= internal pressure 

Pp = external pressure (in all cases in this paper P, is 


considered greater than P.) 


= internal radius 
iz = external radius 
x = radius to any point to be considered 


By making x in the preceding equations equal to rm, the 
maximum stresses are found at the inner surface and are 
found to be 


== (3) 


If the internal pressure is P, and the external pressure (P.) 


equals zero, 
Ty —T; x 


These equations show that the maximum values of S, and S, 
occur at the inner surface when x equals r,. They also show 


S, =P, 


FIG. 3 — NOMENCLATURE FOR THICK-WALLED CYLINDERS. 
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STRAIN 
FIG. 4— STRESS VS STRAIN FOR DUCTILE STEEL AND SANDSTONE. 


that S, is always greater than S, and is always a tensile stress. 

In order to determine when failure occurs in the thick-walled 
cylinder, many criteria have been proposed which are founded 
on Lame’s expressions of stresses and pressure. In the discus- 
sion of these criteria, the term “inelastic action” and “rupture” 
are used synonymously, since it has been observed that when 
samples of rock formations at atmospheric temperature are 
subjected to loads, inelastic action and rupture occur almost 
simultaneously. This may be substantiated by plotting the 
stress-strain relationship of samples of rock subjected to direct 
tensile loads. The increase in stress between the elastic limit 
and rupture point will be found small. A comparison of the 
relationship of stress to strain for sandstone and ductile steel 
is illustrated in Fig. 4. 

According to the Maximum Principal Stress Theory, in- 
elastic action occurs when the maximum principal stress at any 
one point reaches a value equal to the tensile strength of the 
material as determined in a conventional manner. Therefore, 
inelastic action should first occur when S, equals the value of 
stress at the elastic limit of the. material in pure tension. 

By letting « =r, in Equation (5), the 


(7) 


When the value of the external radius (r.) is large, with 
respect to the internal radius (7,), 


The Maximum Principal Stress Theory may then be sum- 
marized as follows: 

The maximum internal pressure to which a cylinder of 
infinite thickness may be subjected before inelastic action 
occurs is equal to the ultimate strength of the material in 
tension. 

According to the Maximum Shearing-Stress Theory, in- 
elastic action in a material begins only when the maximum 
shearing stress reaches the ultimate shearing strength of the 
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Planes Of Maximum Stress 


FIG. 5 — PLANES OF MAXIMUM SHEARING STRESS. 


material. The expression for the maximum shearing stress (Ss) 
at any point at the distance x from the center of a thick-walled 
cylinder is 


(re Ty’) 

The maximum shearing stress occurs on a plane making an 
angle of 45° with the directions of the tangential and radial 
stress as shown in Fig. 5. 

The maximum value of S, (shearing stress) occurs at the 
inner surface of a cylinder where x = r,. 


If a cylinder is subjected to internal pressure only, the maxi- 
mum shearing-stress is found by making ~« =r, and P, = 0. 


As r, becomes large with ‘respect to r,, the value of S, 
approaches P,. 

The Maximum Shearing-Stress Theory says, then, that the 
maximum pressure which may be imposed in a thick-walled 
cylinder of infinite thickness before inelastic action occurs 
is equal to the shear strength of the material. 

The Maximum-Strain Theory states that permanent de- 
formation in a material subject to any combination of stresses 
begins only when the maximum principal strain reaches a 
value equal to the strain value which occurs when inelastic 
action begins in a bar of the material in simple tension. This 
limiting strain €. is the strain that occurs at the tensile pro- 
portional limit and is equal to S./E, where S, is the propor- 
tional limit, and F is the modulus of elasticity. 


If the external pressure is zero. 


E€ (maximum) = P, + ) (10) 


1 
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Eé€ is the tensile stress at the elastic limit 

is Poisson’s ratio 

Then the maximum pressure that can be imposed in a 
cylinder of infinite thickness before inelastic action occurs is 
equal to the tensile elastic limit divided by one plus Poisson’s 
ratio. 

According to the Maximum Strain Energy Theory, a material 
has a limited capacity for storing strain-energy. Perry states 
that the maximum internal pressure which may be imposed 
in a thick-walled cylinder before inelastic action occurs may 
be determined by the following function: 


(11) 


Poisson’s ratio is assumed to be 0.25. 


Material in Plastic State 

If it is assumed that the material in a thick-walled cylinder 
may yield, a complete redistribution of stresses results. The 
material may yield only partially so that there is a plastic 
region surrounded by a region stressed below the limit of 
plasticity as shown in Fig. 6. In the outer portion of the cylin- 
der the equations must satisfy the conditions of stress and 
strain of a perfectly elastic body. 

If the cylinder is short and the longitudinal stress (S,) is 
assumed to be zero, the internal pressure which initiates a 


NY 


FIG. 6 — PARTIAL YIELDING OF A THICK-WALLED CYLINDER. 
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Case |: Confining Stress Equal 
to Effective Overburden. 


Case II: Confining Stress Equal to Ef- 
fective Overburden x Poisson’s Ratio 
(1—Poisson’s Ratio). 


FIG. 7 — TWO EXTREMES OF CONFINING STRESS AROUND WELLS. 


plastic ring along the inner surface may be expressed by the 
equation 


(12) 


Ty 
(S, = yield stress in pure tension) 


Effect of Environmental Conditions 
on Properties of Rock 


Before attempting to apply the behavior of thick-walled 
cylinders of homogeneous, isotropic, impermeable material to 
the behavior of rock formations adjacent to bores, consideration 
was given to the relationship of the earth’s overburden to 
horizontal natural stresses in the normal range of depths of 
wells. 

There is some diversity of opinion regarding the distribution 
of stresses (such as the stress acting to collapse a well or 
acting against the pressure applied in a well) resulting from 
the earth’s overburden. 

It can be shown that the stress in the earth’s crust exerted 
in a horizontal direction (to be called confining stress in this 
report) would theoretically be, at the minimum, equal to the 
axial stress (effective overburden*) multiplied by the expres- 


sion f , where » equals Poisson’s ratio for rock. The other 

limit or maximum horizontal confining stress would be equal 
to the effective overburden. 

Let S, denote the vertical stress and S, and S, the two other 
principal stresses. Let w equal the weight above any one point 
of the overlying mass per unit area. Then in a formation, in 
SILL 

Assume that at any depth the horizontal stresses are equal 
in all directions and are denoted by S,. Then 

= Sy = Sn 
S, will be referred to as “confining stress.” 

The value of S, depends upon which of the following assump- 
tions is made: 

I — Elastic stresses are assumed to have disappeared 
over long geologic periods of time. 


Case 


*Effective overburden is the acting or net bearing pressure per unit 
area at any given depth. It is the resultant pressure after such geologic 
changes as folding and faulting occur. 
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Case Il — While the overburden has increased with deposi- 
tion, the rock formations are assumed to have not 
moved horizontally and to have remained _per- 
fectly elastic. 


In Case I, the stresses are hydrostatic, i.e., 
directions. 


equal in all 


In Case IH, since no horizontal movement has occurred, the 
horizontal strain €, equals zero. According to Hooke’s law, the 
horizontal strain is expressed as 


it 
== = (Sy ar (13) 
= Poisson’s ratio 
= = 2 Sy 92) = or 
Si (w) (14) 
— 


These theories may be clarified by illustration. In a well 
12.000 ft deep, the maximum confining stress equals the effec- 
tive overburden which, in turn, is equal to 12,000 times the 
pressure gradient of rock, 0.83, or approximately 10,000 psi, 
as shown in Case I in Fig. 7. The minimum value of confining 
stress for a well of the same depth is shown in Case II, in 


Fig. 7. The effective overburden pressure of 10,000 times : 


or 0.21 when » = 0.17,* gives a value of 2,100 psi as the 
confining stress. 

Evidence of the actual limits of the confining stress around 
wells may be found in an analysis of the curves in Fig. 8. The 
curves show the maximum, minimum, and average values of 
the effective overburden plotted against depth for 276 wells 
located in areas of the Gulf Coast, Mid-Continent and West 
Texas. The trend of the curves has been substantiated by sub- 
sequent data accumulated during the treatment of wells by 


*A Poisson’s ratio of 0.17 is believed to be the minimum value found 
in rock. 
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FIG. 8 — EFFECTIVE OVERBURDEN VS DEPTH. 
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Table 1 — Comparison of Observed and Calculated Internal Rupturing Pressure of Cylinders of Rock 


Internal Bursting Pressure (psi) 


Calculated “Observed 
_ Max. Max. Max. Max. Plastic 
Tensile Strength Principal Shear Strain 0) 
inder Radii (in. Type Rock ‘psi normal to Shear Strength* Stress nergy ; 
Nonpenetrating Fluid 
19 Pox) Neat Cement 182 1,400 179 1,390 143 115 494. 700. 
19 15s Sandstone 504 3,000 495 2,960 396 342 1,290 4,200 
19 Lei Sandstone 378 2,000 368 1,970 298 240 968 5,550 
19 2.13 Shale 20 500 20 20 16 13 ; 56 886 
3.0 Infinite Sandstone 360 1,800 360 1,800 288 228 infinite >3,500 
Penetrating Fluid 
: oe 1.0 Sandstone 200 850 186 820 151 122 386 258 
19 1.0 Sandstone 120 400 112 385 91 73 232 166 


*Estimated from average rock strength figures compiled by U. S. Bureau of Standards. 


hydraulic fracturing. Defined by these curves is the bottom- 
hole pressure required to inject a fluid into induced* fractures, 
or in other words, the confining stress which must be surpassed 
by the well-fluid pressure in order to hold the fracture planes 
apart to permit fluid entry. 

In the case of horizontal fractures, it is generally agreed that 
the confining stress holding the fracture planes together is 
equal to the effective overburden at the depth of the fracture. 
Whereas, in the case of vertical fractures, the confining stress 
holding the fracture planes together equals some function of 
the effective overburden. 

Proponents of the theory of horizontal fracturing who con- 
cede the existence of vertical fractures will probably agree 
that.a small number of the 276 wells in Fig. 7 must have 
broken in vertical planes. Assuming that a small number 
actually did break in a vertical plane then the approximate 
maximum and minimum ratios of vertical stress (effective over- 
burden) to horizontal stress (confining stress) may be deter- 
mined from these curyes. For example, at a depth of 4,000 ft 


*Induced fractures are those fractures whose planes actually move apart 
as fluid enters. 
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ROCK CYLINDER —RUBBER GASKET 


FIG. 9 — STEEL CHAMBER FOR IMPOSING EXTERNAL LOAD ON ROCK 
CYLINDERS. 
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the effective overburden on the minimum curve equals 2,200 
psi. Assuming this particular fracture to be vertical, then the 
confining stress in the lateral plane is equal to 2,200 psi. At 
this same depth, the maximum vertical stress is equal to 3,900 
psi. Then the minimum ratio of horizontal stress to vertical 
stress is 2,200/3,900 or, 0.57. 

However, a more representative ratio would be that obtained 
by comparing the minimum overburden with the average over- 
burden, which, in the case of the well 4,000 ft deep would be 
2,200/3,100 or 0.71, and at 10,000 ft would be 5,800/7,100 or 
0.82. At a depth of 10,000 ft the minimum ratio becomes 
5,800/8,200, or 0.71, again assuming the fracture to be vertical. 

The maximum ratio may be found by assuming that both 
horizontal and vertical fractures are represented by the average 
curve. Under these conditions, the ratio is 1.0 suggesting that 
in some cases, even in the earth’s upper crust, a column of 
rock may act as a column of fluid with its overburden felt in 
the same magnitude in both the horizontal and vertical planes. 
Other investigators have suggested that starting at some point 
the differences in the stresses in the earth’s crust, except in 
the upper layers, gradually equalize throughout long geologic 
periods. In other words, the ratio of horizontal stress to vertical 
stress approaches a value of 1.0 with increased depth. This 
makes it logical to assume that in deep wells it may be 
expected that the ratio of horizontal confining stress to effec- 
tive overburden becomes larger and may approach 1.0 in the 
deepest wells. 

In brief, then, the results of the study of the earth’s over- 
burden show that the minimum confining pressure on the rock 
surrounding a bore at any one depth is equal to 0.57 times 
the effective overburden at that depth, and the maximum value 
is equal to the value of the effective overburden. 


Comparison of Calculated and Observed Bursting 


Pressure of Thick-Walled Cylinders of Rock 


These tests were performed under two sets of conditions. 
In one, thick-walled cylinders of rock formations were rup- 
tured by injecting drilling mud having a zero filtrate rate,* 
thus relatively little fluid penetration was attained. In the 
other, similar rock formations were ruptured by injecting, 
under steady state flow conditions, a penetrating mineral oil. 
Upon completion of the bursting tests, theoretical rupturing 
pressure was calculated based on the known theories previously 
discussed. In these calculations, it was assumed that failure 
would occur soon after any stress exceeded the elastic limit 


*As determined by the procedures set forth in API Code 29. 
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Table 2 — The Effect of Horizontal and Vertical Load- 
ing on the Rupturing Pressure of Rock Cylinders 


Average Observed Internal 


Vertical Load Confining Pressure Rupturing Pressure 


(psi) (psi) (psi) 
0 0 2,710 
1,000 0 2,970 
2,000 0 3,300 
2,000 500 3,900 
2,000 1,000 4,300 
2,000 1,500 4.800 


of the rock. The value of the ultimate strength was used as 
the value of the stress at the elastic limit. Compiled in Table 1 
is the rupturing pressure, observed and calculated. No rela- 
tionship between the calculated and observed bursting pressure 
is evident, indicating that the conditions of inhomogeneity, 
anisotropy, and permeability of rock preclude the use of the- 
ories explaining the behavior of thick-walled cylinders of 
homogeneous, isotropic, impermeable material. 

All of the cylinders ruptured by a nonpenetrating fluid frac- 
tured in vertical planes across the horizontal or nearly hori- 
zontal bedding planes of the rock formations. The cores rup- 
tured with a penetrating fluid fractured parallel to the bedding 
planes regardless of their position with respect to the longi- 
tudinal axes of the cylinders. No valid comparison of the 
magnitude of rupturing pressure of cylinders fractured with 
penetrating and nonpenetrating fluid can be made from the 
data in Table 1 because of the dissimilarity of the rock. 


Effect of Vertical Loads and External or 
Confining Pressure 


The effect of confining pressure and vertical loads on rup- 
turing pressure was observed by rupturing, with internal 
pressure, rock cylinders confined in a horizontal plane by fluid 
pressure and loaded in a vertical plane by a hydraulic press. 

Cylinders formed with sandstone were placed in a steel 
chamber (see Fig. 9) designed so that vertical loads could be 
imposed independently of the pressure of the fluid surrounding 
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the rock cylinders. By means of a small hydraulic pump, a 
maximum fluid pressure of 1,500 psi could be placed around 
the long axis of the core. The vertical loads obtained by the 
use of a hydraulic press were limited only by the compressive 
strength of the rock. Internal pressure was applied to the cylin- 
ders through an expanding sleeve type packer detailed in 
Fig. 1 of this paper. Both the confining fluid and internal rup- 
turing fluid possessed filtrate rates of zero. Table 2 presents 
the average observed internal rupturing pressure. For each set 
of conditions of loading, five cylinders were ruptured. 

Table 3 shows the empirical relationship of vertical load 
and horizontal confining pressure to the internal rupturing 
pressure of rock cylinders. 

The data in Table 3 indicate that for the sandstone cylinders 
tested, the vertical load tends to increase the internal ruptur- 
ing pressure by an amount equal to approximately 0.28 times 
the vertical load (psi) and that the internal rupturing pres- 
sure is increased by approximately the same amount as the 
horizontal confining pressure. 

The determination of the fractional part of the vertical load 
which acts as confining pressure as shown in Table 3 probably 
has little significance because the relationship undoubtedly 
changes with the environmental conditions of the rock. The 
effect of environmental conditions on the relationship of effec- 
tive overburden and confining stress was discussed earlier 
in this paper. 

The observation that the internal rupturing pressure in- 
creases by the same value as the horizontal confining pressure 
is of importance in predicting the rupture pressure in wells 
when nonpenetrating fluids are used. This factor is discussed 
later in this paper. 


Effect of Intrusion of Fluid 


The effect of fluid intrusion on rupturing pressure was deter- 
mined by tests in cylinders of sandstone rock and in shallow 
wells in a sandstone outcrop. Three cylinders of sandstone 
having finite external radii were fractured with a nonpenetrat- 
ing fluid (drilling mud haying a low filtrate rate*) and an 
additional three were broken with a penetrating fluid (mineral 
oil). The tests were repeated in eight small-scale shallow wells 
in a sandstone outcrop in order to obtain the condition of 


*Zero fluid loss as determined by procedure set forth in API Code 29. 


Table 3 — Empirical Relationship of Vertical Load and Horizontal Confining Pressure on the Internal 
Rupturing Pressure of Sandstone Cylinders 


(3) (4) 


Increase in 


(5) (6) (7) 
Fractional 
Part of Hori- 
zontal Confining 
Pressure Acting 


Increase in 
Rupturing 
Pressure Due 


Fractional 
Part of Vertical 


Imposed External Loads Rupturing Load Acting to to Horizontal to Increase Inter- 
(1) (2) Rupturing Pressure Due Increase Ruptur- Confining nal Rupturing 
Vertical Horizontal Press (psi) to Vertical ing Pressure Pressure Pressure 
(psi) (psi) Observed Load (psi) (Aiea) (3)-(4) -2,710 (6) —— (2) 
0 0 2,710 
1,000 0 2,970 260 0.260 
2,000 0 3,300 590 0.295 
Avg. 0.278 
2,000 500 3,900 556* 634 
2,000 1,000 4,300 556* 1,034 1.03 
2,000 1,500 4,800 556* 1,534 1.02 
Avg. 1.11 
*Average value of (5) times (1). a 
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infinite wall thickness. The results of these tests appear in 
Table 4. The bedding planes of the sandstone cylinders and 
the sandstone outcrops were nearly horizontal. 

The results of these tests indicate that a much higher rup- 
turing or breakdown pressure will probably result when fluid 
does not penetrate a formation. When fluid does penetrate, 
induced fractures along weak planes, such as bedding planes, 
may be expected. In most cases in nature these bedding planes 
will be horizontal or nearly horizontal. Although vertical frac- 
turing was observed to occur when the fluid was effectively 
confined to the bore of the cylinders, in these tests and others 
conducted in cylinders of limestone and shale, and in shallow 
wells, it has been observed that fractures may be initiated in 
a vertical plane but change direction when striking bedding 
planes or small intrinsic fractures. 

Based on the results of these tests, a well drilled into a 
horizontally bedded sandstone, similar to the type tested, would 
rupture with a penetrating fluid at an average pressure of 780 
psi or 3,520* psi less than the pressure required for break- 
down with a nonpenetrating fluid. Considering the effect of 
overburden and confining stress previously discussed, the com- 
parison may be carried further. In a well 4,000 ft deep, it was 
shown that the average effective overburden equalled 3,100 psi 
while the average confining horizontal stress equalled 0.71 
times 3,100 or 2.200 psi. Using a non-penetrating fluid, a rup- 
turing pressure of 2,200+4,300 = 6,500 psi could be expected ; 
but using a penetrating fluid a rupturing pressure of 3,100+ 
780 = 3,880 psi could be expected. 

In a well drilled into shale similar to the type shown in 
Table 1, and at 4,000 ft, the internal pressure to cause rupture 
with a penetrating fluid would be 3,100 +0 (assuming the 
strength across bedding planes to be 0) or 3,100 psi, and the 
internal pressure with a nonpenetrating fluild would be 2,200+ 
886 or 3,186 psi. Even in this latter condition where the rock 
is the weakest type that would be encountered, a slightly 
higher pressure would be required to break the shale verti- 
cally. However, further study will show that if a shale is 
encountered where the horizontal confining stress might be 
low, then the internal pressure to cause vertical rupturing 
might be less than the internal pressure to cause horizontal 
rupturing. 

The high breakdown pressure for vertical fractures and the 
relatively low breakdown pressure for horizontal fractures may 
be explained as follows: 


taken from last eight tests in Table 4 (4,800 + 4,300 
+ 3,900)/4 or 4,300 — (1,150 + 700 + 600+650)/4 or 780 = 


Table 4 — Effect of Fluid Intrusion on the Rupturing 
Pressure of Sandstone 


Rupturing 
Radii (in.) Rupturing Pressure 
Internal External Fluid (psi) Type of Fracture 

19 ED) drilling mud* 2,700 vertical 
19 EWS) drilling mud* 2,000 vertical 
19 1.75 drilling mud* 2,300 vertical 
19 1.75 mineral oil 1,200 horizontal 
19 15 mineral oil 1,400 horizontal 
19 G78) mineral oil 1,400 horizontal 
19 infinite drilling mud* 4,800 vertical 
19 infinite — drilling mud* 4,200 not distinguishable 
19 infinite drilling mud* 4,300 not distinguishable 
19 infinite —_ drilling mud* 3,900 not distinguishable 
19 infinite mineral oil 1,150 not distinguishable 
19 infinite mineral oil 600 horizontal 
19 infinite mineral oil 700 horizontal 
.19 infinite mineral oil 650 not distinguishable 
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Table 5 — Effect of Position of Bedding Planes on 
Rupturing Pressure of Cylinders of Sandstone 


Radii (in.) Rupturing Position of Rupturing Fracture 
External Internal Fluid Bedding Planes Pressure Position 
1.0 0.19 drilling mud horizontal 780 vertical 
1.0 0.19 drilling mud vertical 440 vertical 
1.0 0.19 mineral oil horizontal 191 horizontal 
1.0 0.19 mineral oil vertical 195 vertical 


The penetration of rock formations by fluids permits appli- 
cation of pressure within the rock creating stress of equal mag- 
nitude in the horizontal and vertical directions. Disregarding 
the horizontal and vertical stress resulting from the overburden, 
then it would be expected that fracturing would occur along 
planes of weakness, such as bedding planes, which are nor- 
mally in a nearly horizontal position. If this is true, then the 
rupturing pressure would remain constant regardless of the 
position of bedding planes. The effect of this factor is dis- 
cussed further in the next section of this paper. 

Confinement of fluid pressure to a bore apparently causes 
only small forces to be exerted in the vertical or near vertical 
direction across the weakest portion of rock, the bedding 
planes, while the greater forces are exerted in a horizontal 
direction across the strongest planes. 


Effect of Position of Bedding Planes 


To determine the effect of the position of bedding planes, 
cylinders were prepared from sandstone samples. The samples 
varied only with respect to the position of bedding planes. A 
total of 16 cylinders was ruptured with either mineral oil or 
drilling mud in the manner previously described. The perme- 
ability of the cylinders in the direction of flow was uniform 
and averaged 700 md. Steady-state flow conditions existed at 
the time of rupture for the cylinders tested with mineral oil. 
Results appear in Table 5. 

It may be noted in the tabulated results that in the case of 
a penetrating fluid, the rupturing pressure remained constant 
regardless of the position of bedding planes. This indicates, 
as discussed in the preceding section, that when fluid pene- 
trates a rock formation, the axial and tangential stresses are 
approximately equal. As these stresses are equal, the rock will 
fail or rupture across the plane of least tensile strength which 
is generally across the bedding planes. When compared to 
penetrating fluids, the nonpenetrating fluids effect higher inter- 
nal rupturing pressure, regardless of the position of bedding 
planes. A comparison of rupturing pressure obtained with 
mud and mineral oil in cylinders of rock having vertical planes 
shows that although both ruptured vertically, there was a noted 
difference in rupturing pressure. The explanation that the 
phenomena of high rupturing pressure with drilling mud be 
attributed to a pressure drop across the filter cake is voided 
by the fact that a rupturing pressure of approximately the 
same magnitude was found when similar cores were ruptured 
with a soft plastic sleeve placed in the bore eliminating entirely 
the pressure drop across the filter cake. 

The explanation is made even more difficult by the high 
internal rupturing pressure experienced with nonpenetrating 
fluid with the bedding planes either vertical or horizontal. 

It is probable that the derived mathematical expressions 
which will explain the behavior of rock cylinders under pres- 
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sure will involve more complex assumptions than homogeneity, 
isotropy and impermeability. 


Effect of Ratio of Radii and Diameter of Well 


The effect on rupturing pressure of variation of ratios of 
external to internal radii was determined by comparing the 
bursting pressure of cylinders of various thicknesses formed 
with sandstone formations. In bores in sandstone outcrops, 
the effect of the diameter of the bore was measured using a 
nonpenetrating fluid. The results of the tests to determine the 
effect of ratio of radii are depicted by the curves in Fig. 10. 
Little change in internal rupturing pressure was noted between 
the ratio of external to internal radii of ten to infinity. In rock 
of infinite external radius, no effect on rupturing pressure was 
observed when the well diameter was varied from 0.19 to 6 in., 
regardless of the type fluid used. 


Effect of Tensile Strength of Rock 


The general trend of the effect of tensile strength on the 
internal bursting pressure may be seen in Fig. 10 which shows 
that the greater the strength, the higher the internal rupturing 
pressure. However. due to the wide variation in strength char- 
acteristics of inhomogeneous, anistropic rock, the ratio of 
internal bursting pressure to tensile strength may vary from 
166/120 or 1.4 for sandstone, to 572/20 or 28.6 for shale (data 
taken from Table 1.) These figures show that the difference 
between the breakdown pressure of two rocks may exceed 
many times the difference between their tensile strengths. 

During all tests with rock cylinders where vertical fracturing 
occurred, inspection of the cylinders after rupturing indicated 
that the rock had broken in tension and that plastic deforma- 
tion had not been experienced. 


Effect of Rock Saturation 


The effect of rock saturation was determined by rupturing 
with internal pressure similar rock cylinders which were dry 
or completely saturated with water. Complete water saturation 
was achieved through the use of vacuum pumps. Drilling mud 
having a zero filtrate rate as determined by the procedure in 
API Code 29, was used as a fracturing fluid. No difference in 
the rupturing pressure of dry and saturated cylinders was 
observed. 


Effect of Intrinsic Fractures Along Bedding Planes 


Rock cylinders having well defined and weakly bonded hori- 
zontal or nearly horizontal bedding planes were selected to 
determine the effect on rupturing pressure of intrinsic frac- 
tures having sufficient clearance to permit mud entry. These 
cylinders were ruptured by internal pressure with a drilling 
mud having a low (less than 15 cu cm/30 min) filtrate rate. 
Results are compiled in Table 6. 

The results of these tests show that if cylinders of rock 
formations have horizontal or relatively horizontal fractures 
of sufficient clearance to permit entry of mud, the internal 
pressure to rupture the cylinders is less than the pressure to 
rupture when the clearance of the fracture is insufficient to 
permit mud entry. These results substantiate an earlier obser- 
vation in this paper that nonpenetrating fluids do not cause 
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high axial stress across the normally horizontal weak bedding 
planes. 


Further evidence of the effect of preventing fluid entry into 
the rock formation around a bore was observed in tests on 
three cylinders of sandstone which had been ruptured in nearly 
horizontal planes so that the top portions could be lifted off 
the bottom. A sketch of one of the cylinders appears in Fig. 11. 


The general procedure followed in these tests was to place 
each cylinder in an upright position with a packer set in the 
top of the bore. A weight of 160 pounds was placed on the 
top of each cylinder to simulate an overburden of approxi- 
mately 17 psi. 

Overburden = imposed weight/ (area of top of core — circu- 

lar area of bore) 
= 160/(9.6—.2) = 17 psi (the weight of the 
cylinder was disregarded) . 


Since mud alone was found incapable of sealing the fracture, 
mud containing a concentration of graded granular material 
was pumped into the bores. The mud and granular material 
did not flow through the fractures when the internal pressure 
equalled the effective overburden of 17 psi. The pressure to 
cause parting of the two sections of each cylinder was observed 
to be between 500 and 700 psi. Parting at this range of pres- 
sure can be explained by the fact that the internal pressure 
times the area of the bore exceeded 160 lb at some pressure 
between 500 and 700 psi. Had the mass of rock been infinitely 
thick and the bore deep, probably a much higher pressure 
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FIG. 10 — EFFECT OF RATIO OF RADII ON INTERNAL BURSTING PRES- 
SURE OF ROCK CYLINDERS. 
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would have been required to cause parting because then the 
force downward would be many times higher than the small 
force upward due to internal pressure times bore area. 


Effect of Temperature 


Sandstone cylinders at temperatures between 80 and 200°F 
were ruptured by internal pressure with penetrating and non- 
penetrating fluids. No variation in rupturing pressure was 
observed. 


GENERAL DISCUSSION 


The results of tests, which involved rupturing by internal 
pressure cylinders of rock formations and rock surrounding 
bores in the earth, indicate that the internal bursting pressure 
or formation breakdown pressure cannot be predicted by the 
application of the various theories which explain the elastic 
and plastic behavior of thick-walled cylinders restricted by the 
assumptions of homogeneity, isotropy and impermeability. New 
theoretical approaches are needed in which the above simpli- 
fying assumptions are not made. Such an approach is currently 
under study. Means for calculating stresses in a permeable, 
elastic, homogeneous, isotropic medium have already been 
found. In future work, efforts will be made to remove the 
assumptions of isotropy and elasticity. 

Although a general trend was established that the rupturing 
pressure of cylinders of rock increases with the tensile strength 
of the rock, the tensile strength as now determined by applying 
a uniaxial tensile load to a solid, cylindrical specimen was not 
found indicative of the internal rupturing pressure of a hollow 
cylindrical specimen of the same material. For example, the 
ratio of rupture pressure to tensile strength was found to vary 
from 1.4 to 28.6. This discrepancy is probably due to the diffi- 
culty in accurately determining the tensile strength of rock 
at its weakest point, which is the point at which a cylinder of 
rock may rupture. Hydraulic pressure and the degree of satu- 
ration of rock may also affect the strength. Such effects have 
been observed by others when applying uniaxial loads to 
specimens of rock and metals. 

The results of the study of the effective overburden recorded 
during treatment of wells indicate that the minimum ratio of 
horizontal confining stress to effective overburden around wells 
is a value of 0.57, but a more representative ratio is 0.71. The 


Table 6 — Effect on Rupturing Pressure of Intrinsic 
Horizontal Fractures Having Sufficient Clearance to 
Permit Mud Entry 


Mud Internal Bursting 
Intrusion Manner of Rupture Pressure (psi) 
Yes Along Plane of Intrinsic Fracture 1,900 
Yes Along Plane of Intrinsic Fracture 1,950 
Yes Along Plane of Intrinsic Fracture 1,900 
Yes Along Plane of Intrinsic Fracture 1,500 
Avg. 1,800 
No Vertical 2,300 
No Vertical 3,400 
No Vertical 4.000 
Avg. 3,230 
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Area O. 


3,5 


FIG. 11 — HORIZONTALLY FRACTURED CORE USED FOR DETERMINING 
EFFECT OF PREVENTING FLUID PENETRATION. 


maximum value would be 1.0 unless the effect of stress due to 
local folding and faulting should increase the horizontal con- 
fining pressure to a value higher than the effective overburden. 
These ratios are of importance when determining the manner 
of rupturing which will occur using either a penetrating or 
nonpenetrating fluid. 

It was shown that if a fluid penetrates a rock, the rupturing 
pressure is low as compared to the pressure when the fluid does 
not penetrate. It was also shown that if fluid penetrates the 
rock, the direction of the fracture will be along weak bedding 
planes which are usually horizontal or nearly so. Nonpene- 
trating fluids effected vertical fractures at a relatively high 
pressure regardless of the presence of weak bedding planes. 
In other words, the results indicate that the intrusion of drilling 
fluids creates significant stress parellel to the axis of a bore 
and thus, usually perpendicular to or across the weakest planes 
of the rock, i.e., the bedding planes. The results further indi- 
cate that confinement of fluid to a bore creates significant 
stress parallel to the circumference of the bore and thus, usu- 
ally perpendicular to or across the strongest planes of the rock. 

Bursting pressure to cause rupture of cylinders in a vertical 
plane was shown to increase by the same amount as the exter- 
nal pressure. Since external pressure is analogous to horizontal 
confinement stress around bores in the earth, then it follows 
that the breakdown pressure of a well using a nonpenetrating 
fluid is equal to the sum of the confinement stress plus the 
internal rupturing pressure of a thick cylinder of the type rock 
to be fractured. By the same logic, the pressure to cause break- 
down in a horizontal plane is equal to the effective overburden 
plus the internal pressure to cause rupture of a thick cylinder 
of the type rock to be fractured using the same fluid. The 
importance of these sums is their difference as well as their 
magnitude. By comparing the rupturing pressure of the rock 
cylinders used in this investigation, and then including the 
effect of confinement of the earth’s overburden, it may be seen 
that vertical fracturing will usually be the result of higher 
pressure than horizontal fracturing. : 

For two reasons, shales may cause an exception to. this 
observation if encountered at shallow depths; confinement 


stress may be low and the difference in strength of shale across 
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and with bedding planes may be slight. Such a cindition may 
result in the pressure to cause vertical breakdown being less 
than the pressure to cause horizontal breakdown. However, at 
great depths — 10,000 ft or more — it would be expected that 
the value of the confinement stress would approach the value 
of the effective overburden due to the tendency of the principal 
stresses in the earth to approach each other with geologic time. 
When confinement stress and effective overburden are equal 
and the rock beds are nearly horizontal, the pressure to cause 
vertical rupture will almost always exceed the pressure to 
cause horizontal rupture. 

The difference in breakdown pressure noted for penetrating 
and nonpenetrating fluid has some application in stimulating 
production in wells by hydraulic fracturing. Although it was 
shown in these tests that penetrating fluids result in lower 
formation breakdown pressures, it is not intended to imply 
that the use of low viscosity fluids is necessarily advantageous 
in hydraulic fracturing treatments, as excessively high injection 
rates may be required in order to establish sufficient pressure 
to rupture. However, these data do indicate that the use of 
treating fluids capable of forming impermeable filter cake 
should be avoided. Should a formation be covered by a mud 
filter cake, which would prevent fluid penetration, the pressure 
to cause formation breakdown would be expected to be high, 
therefore the removal of the mud filter cake should facilitate 
formation breakdown. 

This paper was prepared with full recognition of the possi- 
bilities of introducing inaccuracies when attempting to predict 
the behavior of rock in situ based upon what has been observed 
at the surface. For this reason, the relationship of effective 
overburden and confinement stress around bores was arrived 
at by an analysis of field data. A small source of error might 
have been introduced in determining the magnitude of the 
effective overburden and confining stress in estimating the fric- 
tion loss which was subtracted from the fluid injection pressure 
in order to obtain bottom-hole injection pressure. However, 
errors in the values of the friction losses would change very 
little the ratio of confining stress to effective overburden. 

There is little reason to question the assumption that the 
strength of rock does not decrease with depth. In fact, other 
investigations have shown that tensile and compressive strength 
may increase with depth. 

As related to lost circulation of drilling fluids, it is not 
intended that the findings in this paper will obviate sound 
drilling practices in order to keep the pressure against exposed 
formations at a minimum. 


CONCLUSIONS 


The results of a study of the relationship of the earth’s 
effective overburden and the pressure acting to prevent rupture 
of bores by application of internal pressure, and observations 
made while bursting by internal pressure thick-walled cylinders 
of rock formations and shallow wells in sandstone outcrops 
indicate the following: 

1. The breakdown or rupture of rock surrounding a bore can- 
not be predicted by the various theories of relationship 
of pressure and stresses in thick-walled cylinders of homog- 
eneous, isotropic, impermeable material. 

2. Under the conditions of average relationship of effective 
overburden and confining stress around a bore, as found in 
this investigation, breakdown of rock formations by the 
penetration of fluids may be expected at a magnitude of 
pressure less than that required for breakdown with a non- 
penetrating fluid. 
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3. The incidence of loss of circulation to induced fractures 
may be reduced by preventing the intrusion of drilling 
fluids into small cracks or crevices thus preventing stress 
across these weak planes of rock. 

4. Prior to treatment of wells by hydraulic fracturing to stim- 
ulate production, mud filter cake should be removed from 
the face of the formation to permit penetration of the frac- 
turing fluid and thereby decrease the pressure required to 
fracture. 


APPENDIX 


Definition of Terms 


Confining Pressure — As used in this paper, confining pres- 
sure is the external pressure acting against a cylinder. It is 
analogous to confining stress around a bore in the earth. 

Effective Overburden — Effective overburden is the acting or 
net bearing pressure per unit area at any given depth in the 
earth. It is the resultant pressure after such geologic changes 
as folding and faulting occur. 

Elastic — Capable of sustaining stress without permanent 
deformation. 

Elastic Limit — The least stress that will cause set. 

Isotropic — Having the same properties in all directions. 

Modulus of Elasticity —'The rate of change of unit tensile 
or compressive stress with respect to unit tensile or compressive 
strain for the condition of uniaxial stress within the propor- 
tional limit. 

Nonpenetrating Fluid— A nonpenetrating fluid is defined 
in this paper as a fluid incapable of permeating a rock forma- 
tion. Whether a fluid is penetrating or nonpenetrating with 
respect to a certain rock is dependent upon the sizes of the 
intergranular passageways and fractures in the rock. An ordi- 
nary drilling mud forming a relatively impermeable filter cake 
on a rock is classified as a nonpenetrating fluid. 

Plastic — Yielding or flowing under steady load. 

Poisson’s Ratio — The ratio of lateral unit strain to longi- 
tudinal unit strain, under the condition of uniform and _ uni- 
axial longitudinal stress within the proportional limit. 

Principal Stresses — Through any point in a stressed body 
there pass three mutually perpendicular planes, the stress on 
each of which is purely normal, tension or compression. The 
stresses on these planes are the principal stresses. 

Proportional Limit — The greatest stress which a material 
can sustain without deviating from the law of stress-strain 
proportionality. 

Strain — Unit tensile or compressive strain is elongation or 
shortening per unit length. 

Stress — Internal force exerted by either of two adjacent 
parts of a body upon the other across an imagined plane of 
separation. When the forces are parallel to the plane, the 
stress is called shear stress; when the forces are normal to the 
plane, the stress is called normal stress; when the normal 
stress is directed toward the part on which it acts, it is called 
compressive stress; when it is directed away from the part 
on which it acts, it is called tensile stress. 

Thick-walled Cylinder — Thick-walled cylinders are arbi- 
trarily defined in this paper as cylinders whose ratio of 
external to internal radii is greater than 1.2. 

Ultimate Strength — The ultimate strength of a material in 
tension, compression or shear respectively, is the maximum 
tensile, compressive or shear stress that the material can 
sustain. 
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S, = Circumferential or tangential stress (psi). 
S, = Radial stress (psi). 
S, = Axial or longitudinal stress (psi). 
S, = Stress at tensile proportional limit (psi). 
S, = Yield stress in pure tension (psi). 
P, =Internal pressure (psi). 
P, =FExternal pressure (psi). 
r, = Internal radius (in.). 
r, = External radius (in.). 
x = Radius to any point to be considered (in.). 
Sirain 
€, = Strain at tensile proportional limit (in./in.). 
E = Modulus of elasticity (unit stress/unit strain). 
u = Poisson’s ratio. 
c = Radius delimiting the plastic and elastic regions. 
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DISCUSSION 


By M. King Hubbert, Shell Oil Co., Houston, Tex., Member 
AIME 

This is a very interesting and provocative study, but I am 
inclined to query the applicability of the theoretical part to 
the rock behavior around a well bore because of the failure to 
take adequately into account the natural states of stress which 
may occur in the rocks to be penetrated. 

The general state of stress at any point underground is 
one in which the principal stresses, ¢;, ¢,, and o;, are unequal. 
Except at very shallow depths these stresses are all compressive 
and they may vary in magnitude within wide limits with the 
rocks, except for small elastic distortions, remaining com- 
pletely stable. If stress differences exceeding the limit of 
stability occur, the rocks fail either by plastic flowage, as in 
the case of folding, or by fracture and slippage, as in the case 
of faulting. Conversely, the deformation of rocks by folding 
or faulting is itself evidence of the existence of an underground 
state of stress exceeding the limits of stability. 

When rocks fail by faulting’’ the slippage ordinarily occurs 
along planes which are parallel to the axis of intermediate 
stress, 9, and make an angle commonly of about 30° to the 
axis of greatest stress, ¢,. The relation between the greatest 
and least stresses at the time of failure is given by the Mohr 
diagram (Fig. A). Failure will occur when the Mohr’s circle 
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corresponding to the greatest and least principal stresses, 
7, and o,, becomes ‘tangent to the two curves defining the 
strength of the given material. It will be seen from the figure 
that when this occurs the least stress, o;, will be of the order 
of one-third, or less, of the greatest stress, ¢,. 

In the earth, when the stress differences exceed the limits of 
stability and failure by faulting occurs, normal faulting results 
when the axis of greatest stress, ¢,, is vertical, transcurrent 
faulting (fault plane vertical, displacement horizontal) when 
the axis of intermediate stress, o,, is vertical, and reverse fault- 
ing when the axis of least stress, o;, is vertical. 

The point to all this is that in most areas where oil wells 
are being drilled faulting of one kind or another has during 
geologic time repeatedly occurred, indicating that states of 
stress difference exceeding the strength of the materials have 
repeatedly developed. At any other time the stress states which 
exist may be anywhere short of the limit of stability. The 
approximate range which the greatest or least horizontal stress 
may have for a given overburden pressure, between the limits 
of normal and reverse faulting, is shown in Fig. B. 

In computing the stresses about a well bore, allowance must 
therefore be made for the possibility that the well may have 
penetrated rocks whose natural condition of stress is remote 
from hydrostatic. The Gulf Coast region, for example, is one 
in which normal faulting has been recurrent over long geologic 
periods and is still occurring. It is a reasonable presumption, 
therefore, that in this region at the present time the greatest 
principal stresses are vertical and equal to the pressure of the 
overburden and the least principal stresses are horizontal and 
in some cases probably not far from the limit of stability. In 
other areas reverse or transcurrent faulting has been recurrent 
and stress states appropriate to these types of deformation may 
be found to occur. 

The fracturing of rock by fluid pressure inside a bore hole 
is mechanically similar in many respects to igneous intrusions 
in the formation of dikes and sills. These bodies tend to em- 
place themselves along surfaces normal to the least principal 
stress.. In the case of wells, when the environmental stress 
states are taken into account, it appears that the least com- 
pressive stress which the well fluid pressure must exceed may 
often be horizontal and considerably less than the pressure of 
the overburden. In these cases vertical fracturing in response 
to pressures less than the overburden might well be expected. 


REFERENCES 


1. Anderson, E. M.: Dynamics of Faulting and Dyke Forma- 
tion, Oliver and Boyd, Edinburgh and London, (1942). 

2. Hubbert, M. King: “Mechanical Basis for Certain Familiar 
Geologic Structures,” Bull. Geol. Soc. Am., (1951) 62, 
355-372. 


DISCUSSION 


By J. M. Bugbee, Shell Oil Co., Houston, Tex., Member AIME 

The writer is of the opinion that the summary statement in 
the abstract of this paper should be broadened and could read: 
“The internal pressure to break down rock formations in a 
well is dependent primarily upon the presence of a fracture, 
fault, or joint system in the structure and to a lesser degree 
upon the extent of intrusion of fluids, the position of bedding 
planes, etc.” The authors recognize that most rock formations 
contain small, intrinsic fractures but that is hardly enough 
and the statement should be considered that all or most geo- 
logic structures contain fissure, fault, and joint systems. The 
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writer has proposed a “structural hypothesis”’” as explaining 
the great variations in formation breakdown pressures encoun- 
tered in squeeze cementing, hydrafracing, lost circulation, and 
water flooding. 

The authors have presented an analysis of theories of rock 
rupture and report actual rupturing tests. The application of 
the analytical and test data to the subsurface is attempted in 
the section, “Effect of Environmental Conditions on Properties 
of Rock.” The present paper is one of a series by the authors 
and co-workers which goes back to 1948.* The term “effective 
overburden” of the present paper is new in this series and 
apparently replaces the earlier “fluid displacement pressure.” 
The earlier phrase, “formation breakdown pressure,” which is 
the rupturing or bursting pressure of the present experiments. 
is omitted here when the subsurface is dealt with. 

Exception is taken to Fig. 8, “Effective Overburden vs 
Depth,” because: 


1. It does not distinguish between “formation breakdown 
pressure” and “fluid displacement pressure.” On such a chart 
these two pressures could be shown as a vertical bar extending 
between the breakdown and displacement pressures. Of course, 
for those cases where no breakdown is discernible, a point 
would show the fluid displacement pressure. 


2. The chart does not show any of the pressures in cases 
where no breakdown occurred. Such points are still relatively 
few in number but everyone working with squeeze cementing 
and rock fracturing is accumulating an increasing number of 
examples where pressures up to the limit of the pumps or 
strength of the equipment have been applied, some have had 
total pressures greater than twice the overburden pressure, and 
no breakdown has occurred. It would seem that an inquiry into 
rock rupture should include consideration of the cases where 
no rupture can be secured. 

3. Fig. C is a diagrammatic sketch of the pressure charts 
illustrating the three pressures which, when re-calculated as 
gradients, should be distinguished in such a presentation as 
Fig. 8. 

Tete is of interest to review the earliest work of this group on the sub- 
ject. This appeared as the result of an interview with the late George S. 


Bays by Frank Taylor, Staff Writer, under the title, ‘‘With Increasine 
Depths . . . Comes What?’’, in the Oil Weekly of May 9, 1988. 
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FIG. C —DIAGRAM SHOWING THE THREE PRESSURES THAT SHOULD 
BE DISTINGUISHED. 


The following explanation of the three different pressure 
occurrences of Fig. C can be made: 

Case 1, no breakdown — the interval being pressured is too 
remote from the naturally occurring fault and fissure system 
for a rupture to occur at the imposed pressure. 


Case 2, breakdown occurs and pressure drops to fluid dis- - 


placement pressure —the breakdown pressure ruptures the 
formation from the pressured interval across to the naturally 
occurring fracture system and the injection pressure is a 
function of the pumping rate, the viscosity of the injection 
fluid and the permeability of the fracture system resulting from 
slight tilting of the formation blocks. 

Case 3, no breakdown but fluid injection occurs — the nat- 
urally occurring fissure system intersects the pressured interval 
and opens and accepts fluid when a critical pressure, sufficient 
to slightly tilt the formation blocks, is reached. 

4. Geologically, Fig. 8 is a hodgepodge as it includes pres- 
sure points from many types of geologic structure. Separate 
charts should be provided for each geologic province and, pos- 
sibly, for each type of structure. For example, the Gulf Coast 
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is a province with many normal-faulted or gravitational struc- 
tures and “effective overburden” as used in this paper could 
well be different there than in gentle or advanced folds of the 
Mid-Continent. If some Spraberry pressures have been in- 
cluded, the geologic structure there which seems important to 
this subject is the well-known joint pattern. The literature con- 
tains many references to formation “breakthroughs” in water 
flooding in the eastern states; these could be presented in one 
chart as representative of formation failure in a province of 
gentle structure where near-surface jointing is possibly the 
chief applicable structural feature. It is hoped that future work 
will offer a more complete presentation of the pressure data 
which are available. 

It is of interest to note that the maximum formation fluid 
pressure gradients of the abnormal-pressure, faulted reservoirs 
of the Gulf Coast are between 0.85 and 0.90 psi per ft of depth. 
This means that the gravitational seals on the faults will con- 
fine no greater pressures. These gradients are rather close to 
the 0.83 psi per ft pressure gradient of rock of this paper 
which is taken to be the applied external pressure necessary to 
open such faults. The 0.83 factor actually has been averaged 
down by the inclusion of pressures from other areas. A number 
of Gulf Coast workers use 0.90 psi per ft for predicting the 
breakdown at depth in deep-seated structures. 

The paragraphs preceding and following Fig. 8 suggest that 
the authors are “proponents of the theory of horizontal frac- 
turing.” Analysis along the lines presented by Hubbert in his 
discussion has very practical application to the prediction of 
the angle of the induced fissure secured in a pressure-fractur- 
ing treatment. 
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ABSTRACT 


Several methods of analyzing pressure build-up data in wells 
have been presented by various authors. This paper reviews 
the theory and method of D. R. Horner and presents example 
calculations performed on data obtained by testing several 
different types of wells. These calculations include, (1) graphi- 
cal estimation of final static pressure, (2) determination of the 
productive capacity of the pay away from the well bore and, 
(3) the degree to which the formation adjacent to the well 
bore has been damaged by completion or other causes. The 
methods of testing and precautions which should be taken to 
assure the best data possible are discussed. Limitations and 
reliability of calculated results are also treated. 


INTRODUCTION 


Pressure testing of wells is generally limited to the deter- 
mination of producing and static mean formation pressures. 
The so-called “static” pressure determinations, along with 
PVT, electric log and production data, enable the reservoir 
engineer to determine, within reasonable limits, the drive mech- 
anism of the reservoir and in some cases, the amount of edge 
water encroachment. Producing pressure tests enable calcula- 
tion of productivity indices and allow the engineer to plan the 
systematic production of a pool for optimum conservation of 
subsurface energy. 

The radial flow formula advanced by Muskat’ has been 
based on the assumption of incompressible radial fluid flow. It 
has been known that reservoir fluids do not behave in an 
ideally incompressible manner. For example, incompressible 
flow theory indicates a simple logarithmic relationship between 
the difference of the instantaneous and static well pressures 
when plotted against time. The latter stages of this type of 
plot of pressure build-up data generally show a marked devia- 
tion from the earlier straight line trend, which deviation may be 
shown to be due to the compressible flow of fluids toward the 
well bore. Shut-in times of 24, 48, 72, or at most 96 hours are 
currently in wide use for determining so-called “static” reser- 
voir pressure. Due to the continuation of compressible flow of 
fluids into the well bore long after this arbitrarily taken shut-in 
time, the determination of static pressures has almost invari- 
ably resulted in lower than equilibrium values. Materials 
References given at end of paper. 
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balance calculations made early in the life of a reservoir often 
result in a calculated reserve which later observations prove 
to be too low. Failure to obtain reliable “static” reservoir 
pressures within the prescribed 24 or 48-hour build-up period 
has undoubtedly been a major factor in obtaining these low 
estimates. Comparison of theoretical and actual productivity 
performance has indicated that formation damage and not 
being able to attain true static pressures have been partially 
responsible for the observed discrepancies. 

Research into the theory of compressible flow behavior has 
resulted in methods of applying these theories to the testing 
of wells. Application of the developed theories to pressure 
build-up performance indicates that in many cases the fol- 
lowing can be estimated. 

1. The static reservoir pressure. 

2. The in-place effective formation permeability away from 

the well bore. 

3. The degree or extent by which the formation has been dam- 
aged adjacent to the well bore, either through completion 
methods or subsequent damage due to fluid entry. 


REVIEW OF THEORY 


Horner’ has shown that the pressure build-up within a 
“point source” well is approximated by the following formula: 


162.5 quB (T + At) 


Equation (1) is the approximate “point source” solution to 
the radial compressible flow equation advanced by Muskat.* 
The solution assumes the following: 

1. A point source well is producing at constant rate from the 
center of an infinite reservoir with a constant pressure at 
its external boundary. 

2. The fluid flowing is present in one phase only. 

3. The compressibility and absolute viscosity of the fluid 
remain essentially constant over the range of temperature 
and pressure variation encountered. 

4. The well is shut-in at the sand face and there is no after 

production into the well bore. 

The formation permeability is homogeneous in the direction 

of flow. 

From Equation (1) it can be seen that if an ideal well were 

shut-in while producing from a reservoir under the conditions 

assumed, the pressure build-up would be a logarithmic fune- 
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Table 1— Pressure Build-Up Data for a Fresh Water 
Well Completed in a High Permeability Fresh Water 
Sand 


Cumulative Production = 3.82 x 10° bbl 
Rate prior to shut-in = 4,600 B/D 


3.82 x 10° 
4,600 
At (T+At) Mean Formation 
(min) (min) At/(T+At) Pressure, psig 
0.167 1.20 x 10° 1.39 x 10° Dino 
0.333 1.20 x 10° 
0.67 1.20 x 10° 
1.20 x 10° 8.34 x 107 278.3 
2 1.20 x 10° 1.67 x 10° 282.8 
4 1.20 x 10° 3.34 x 10°° 286.5 
8 1.20 x 10° 6.66 x 10° 289.6 
16 1.20 x 10° 1.33x 10° 290.2 
30 1.20 x 10° 2.50 x 10° 290.3 
40 1.20 x 10° Ole 290.3 
87 1.20 x 10° 290.3 
129 1.20 x 10° Ox 290.7 
357 1.20 x 10° 2.98 x 10°* 290.8 
519 T2010" 4.31 x 10% 291.0 


tion of the dimensionless time fraction (7 + At) /At. It also 
follows that if a straight line plot of pressure against the log 
of the time fraction is obtained, then: 


_ 162.5 quB 


a 


kh (2) 

If u, B and qg are known and 4 can be determined from a 
plot of test data, then kh or the average effective producing 
capacity of the pay away from the well bore may be calculated. 
Equating kh obtained in this manner with the performance 
capacity determined from Muskat’s radial flow formula results 
in 


2Z log re/rw 
(Ds — Pp) 


Sil= (3) 
Many factors may cause the observed pressure build-up in 
a well to deviate from the theoretically ideal. However, per- 
formance deviations become assets when they enable estimation 
of completion damage or the presence of limited reservoirs. 
The most critical basic assumption for a majority of reservoirs 
would appear to be the presence of two-phase flow conditions, 
because both compressibility and relative permeability are very 
sensitive to changes in pressure below the bubble point. 


TREATMENT OF DATA 


The obvious method of utilizing Equation (1) consists of 
plotting the instantaneous well pressure, py, against the loga- 
rithm of (7+ At)/At. However, this results in a plot which 
progresses from right to left as the pressure increases. An 
alternate method is to plot py, on an arithmetic scale against 
the reciprocal, At/(T + At), on a logarithmic scale. Using 
this system the data plots from left to right and gives a more 
vivid impression of increasing pressure as the shut-in time 
progresses. 

Table 1 shows pressure build-up test data and calculations 
for a well completed in a permeable fresh water sand. After 
shutting in the well, fluid level measurements were made at 
time intervals which were in approximate geometric progres- 
sion. Fig. 1 is a plot of the data of Table 1. 
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The first portion of the curve of Fig. 1 falls below the later 
established straight line trend. This is due to the “after- 
production” or influx into the well after shut-in and to the 
decreased permeability of the formation adjacent to the well 
bore. The rapid initial pressure rise would be more pronounced 
if the well could have been shut-in at the sand face. However, 
once a straight line trend is established, compressible flow 
conditions dominate the build-up characteristics. 


GRAPHICAL ESTIMATION OF STATIC 
PRESSURE 


From Equation (1) it can be seen that as Ato, 
At/(T + At)—1 and the logarithm of At/(T + At)—0. If 
the developed straight line relationship continues, the static 
pressure for an infinite shut-in can be estimated by extrapolat- 
ing the curve to the 10 to the zero power ordinate. On Fig. 1, 
p. is the apparent final static pressure for an infinite shut-in. 

Fig. 2 shows the latter portion of pressure build-up curves 
obtained from four widely separated wells completed in the 
same low capacity, high fluid viscosity reservoir. The agree- 
ment on extrapolated static reservoir pressure is good. Fig. 2 
illustrates how compressible flow pressure build-up may con- 
tinue for many months beyond the shut-in. While theory indi- 
cates the method is applicable to flow of a single phase fluid, 
the actual straight line relationships were obtained here where 
producing and build-up pressures were known to be below the 
bubble point. 

The pressure build-up trend usually flattens out in the latter 
stages for wells completed in limited reservoirs, or where the 
well is affected by surrounding producing wells. This is due 
to partial or no fluid influx at the external drainage boundary. 
Extrapolation of the earlier developed straight line trend can 
result in a false static pressure, p*. Fig. 3 illustrates this 
condition. 


300 
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FIG. 1 — PRESSURE BUILD-UP PERFORMANCE OF A WELL COMPLETED IN 
A HIGH PERMEABLITY FRESH WATER SAND. NUMBERS BESIDE PLOTTED 
POINTS INDICATE SHUT-IN TIME IN MINUTES. 
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FIG. 2 — PRESSURE BUILD-UP CURVES FOR FOUR WELLS COMPLETED IN FIG. 3— PRESSURE BUILD-UP CURVE FOR A HIGH GAS-OIL RATIO 


THE SAME LOW CAPACITY RESERVOIR AND SHUT-IN AT THE SAME TIME. 
NUMBERS BESIDE PLOTTED POINTS INDICATE SHUT-IN TIME IN HOURS. 


Horner’ describes how p, can be calculated if p*, the drain- 
age radius, formation porosity and fluid compressibility are 
known in addition to the terms of Equation (1). In effect, his 
equation is based upon a materials balance concept and states 
that present static reservoir pressure equals the initial pressure 
minus the fraction of fluids produced divided by the fluid 
compressibility. 


ESTIMATION OF PRODUCING CAPACITY 


Use of Equation (2) requires that 4 be determined from a 
plot of the test data; g, w and B must be known or estimated. 
Fig. 4 is a plot of pressure build-up data obtained from a 
well producing from a dolomitic sandstone reservoir. 4 is 
readily obtained by noting the difference in pressures along 
the extended straight line section of the curve for one log cycle 


of the dimensionless time fraction scale. Other necessary 
data are: 

gq = 64.3 stock tank bbl/day 

B = 1.07 reservoir bbl/stock tank bbl 

162.5) (64.3) (5.13) (1.07 
and kh = ) = 1,146 md-ft 
Similarly for Fig. 5: 
2.5) (180) (.70) (1.34 
SLED = 266 md-ft 
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Miller, Dyes and Hutchinson’ prescribe that 4 be determined 
within a specific time interval on the pressure build-up curve. 
Most build-up curves analyzed exhibit sufficient uniformity 
after the fast initial build-up, and there is no question where 
to measure 4. Difficulties have been experienced where a stabi- 
lized production rate was not achieved prior to shut-in. If 
some doubt exists as to where 4 should be taken, the method 
of Miller and co-authors’ should be used. 

The presence of limited reservoirs does not prevent deter- 
mination of a reliable capacity value, except in extreme cases. 
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ESTIMATION OF COMPLETION DAMAGE 


Damage factors have been calculated for the wells of Figs. 
4 and 5. Substituting required data in Equation (3), these 
factors are calculated, 
For Fig. 4: 
(2) (50) (3.53) 
908 
(61 per cent of the drawdown, or 545 psi, is required 
to overcome the effect of decreased permeability 
adjacent to the well bore) 


= 0.61 


240 
2:50 psi/cycle 
8.5 
a 
' 
w 2200 t 
93.0 
wW 
& 
Z 2000 
2 
2 
1800 + 
10-4 1073 10-2 10"! 10° 
Ot /(T+ dt) 


FIG. 4— PRESSURE BUILD-UP CURVE FOR A WELL COMPLETED IN A 
DOLOMITIC SANDSTONE RESERVOIR. NUMBERS BESIDE PLOTTED POINTS 
INDICATE SHUT-IN TIME IN HOURS. 
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FIG. 5 — PRESSURE BUILD-UP CURVE FOR A WELL COMPLETED IN A LOW 
PERMEABILITY, LOW FLUID VISCOSITY RESERVOIR. NUMBERS BESIDE 
PLOTTED POINTS SHOW SHUT-IN TIME IN HOURS. 


For Fig. 5: 
pp £2) (218) 3.0) 
898 

Equation (3) may produce a negative answer which indi- 
cates an improvement of capacity around the well bore. This 
might be obtained through acidizing, shooting or fracturing. A 
build-up analysis prior and subsequent to a remedial operation 
enables evaluation of the effectiveness of the job in terms of 
the undamaged formation capacity. 


= 0.23 (23 per cent or 206 psi) 


PROCUREMENT OF DATA 


Satisfactory data have been obtained using either a wire 
line pressure recorder or sonic fluid level instrument. The 
latter is convenient if shut-in time must be kept at a minimum. 
Sonic data may be reduced in the field and testing can continue 
until a satisfactory straight line plot is obtained, supported by 
at least four points. If the casing has been bled prior to 
closing in for test, considerable error may be introduced by 
presence of a froth in the casing above the producing interval. 
Errors in extrapolating estimated liquid gradients to mean 
formation or datum depth may be minimized by shutting in the 
casing several days before testing. 

Stabilization of the production rate prior to test has been 
found to be one of the most important factors toward attain- 
ment of reliable data. The time required for stabilization will 
vary with the fluid and reservoir system, but in general, a 
period of 10 days should be sufficient. 


RELIABILITY OF CALCULATED DATA, ERRORS 


Results of numerous tests indicate the calculated undamaged 
formation capacity and damage factor are more reliable than 
the static pressure determination. Most wells do not produce 
from unlimited reservoirs. If the shut-in time is permitted to 
continue, a flattening out of the build-up curve usually occurs. 
R. V. Smith and co-authors’ show examples of how offset pro- 
ducing wells may effect a continued fall-off of the build-up 
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curve if the drainage radius of the adjacent producer extends 
to the well under test. 

It has been observed that wells completed in reservoirs which 
have produced but a small fraction of their fluids yield better 
test data than the older producers. A smaller value of T is 
obtained for new wells and extrapolation of the build-up curve 
to an infinite shut-in is more reliable. 

If the shut-in time is a small fraction of 7, then At in any 
time units may be plotted directly with little error. However, 
as At becomes an appreciable fraction of T the resulting error 
becomes greater and extrapolation of the straight line com- 
pressible flow portion of the build-up curve to an infinite 
shut-in becomes a graphical impossibility. 


NOMENCLATURE 
Dw = pressure in well during build-up, psi 
[De = static reservoir pressure, psi 
q == stabilized well rate prior to shut-in, stock tank 
bbl/day 


u = fluid viscosity, ep 

B = formation volume factor, res. bbl/stock tank bbl 

k = effective permeability, md 

h = pay thickness, ft 

lo = ‘ogarithm to base 10 

IP = pseudo-production life of well (cumulative produc- 
tion prior to shut-in + q) 


At = iime after shut-in, same units as T 

Zz = slope of the straight line (compressible flow) por- 
tion of the build-up curve, psi/log cycle 

DF = damage factor, fraction of drawdown required to 
overcome damage 

iO = producing pressure of well prior to shut-in, psi 

iP = drainage radius, ft 

To = well radius, ft 

iD = false static pressure, psi 
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ABSTRACT 


The abnormal conductivity found in shaly reservoir rocks 
containing an electrolyte is shown to be a consequence of the 
electrical double layer in the solution adjacent to charged clay 
surfaces. This increased conductivity results from a higher 
concentration of ions in the double layer than in the solution 
in equilibrium with the double layer. It is shown that the 
magnitude of the increased conductivity of a shaly reservoir 
material is influenced by the concentration and type of ions in 
the equilibrium solution as well as by the colloidal nature of 
the rock. 


INTRODUCTION 


An important factor in the quantitative interpretation of the 
electric log is the resistivity factor of reservoir rock. The resis- 
tivity factor is defined as the resistivity of the rock when com- 
pletely saturated with an electrolyte divided by the resistivity 
of the electrolyte itself.‘ In the normal case, the resistivity fac- 
tor for a particular rock sample is independent of the resistivity 
of the electrolyte and reflects the pore geometry of the rock.’ 

In 1949, Patnode and Wyllie’ showed that in some cases the 
resistivity factor is not constant, but instead varies with the 
resistivity of the electrolytic solution. It was shown that clean 
sands behave normally—.e., that the resistivity factor does not 
vary with resistivity of the electrolyte — but that sands con- 


1References given at end of paper. 
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taining shale and clay may exhibit abnormally low resistivity 
factors when the solution used to saturate them is of fairly 
high resistivity. At low resistivities of the electrolyte, the 
resistivity factor for a shaly sand appeared to approach a 
normal behavior. It is evident that the resistivity factor of a 
shaly sand is dependent upon factors other than pore geometry 
when the solution used to saturate it is of high resistivity. 

Patnode and Wyllie, and later de Witte,” assumed that the 
conductivity of a shaly sand saturated with an electrolyte could 
be represented as the sum of two quantities. One of these was 
assumed, in effect, to be the conductivity which would be 
expected if the sample were a clean sand, and the other was 
assumed to be a conductivity inherent in the sample itself. 
The latter was supposed to be constant for a given rock sample 
regardless of the solution used to saturate it. The source of 
this added conductivity was ascribed to “conductive solids.” 

In actual practice, the effect of the abnormal behavior of 
shaly sands is of minor importance except when the resistivity 
of a formation such as a sand is high. Thus the effect is more 
important when the sand is saturated with a dilute brine than 
when it contains a more concentrated electrolyte. The effect is 
also more important when the sample contains oil or gas than 
when it contains only saline water. 

Recently it has been suggested that the porosity of a stratum 
may be estimated from the electric log by use of the resistivity 
of the invaded zone.’ This is the zone flushed with the filtrate 
from mud used in drilling the well, which is ordinarily very 
dilute brine. When the method is applied to shaly sands, the 
effect of abnormal conductivity becomes of importance. 


This report describes an investigation of the mechanism 
responsible for the abnormal behavior of the resistivity of shaly 
rock saturated with conducting solutions. The inyestigation 
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was undertaken to provide a better understanding of the 
phenomenon in order that allowance may be made for it in 
the interpretation of the electric log. 


MECHANISM OF THE ABNORMAL CONDUCTION 


Role of Matrix Material 


Despite the unfortunate connotation of the term “conductive 
solids,” it may readily be demonstrated that the conductivity 
of the matrix material of a shaly sand is negligible. A shaly 
formation will not conduct in the dry state; conduction is 
apparent only when the rock contains an electrolyte. Although 
it is evident that the clay in the matrix plays an essential part 
in abnormal conduction, it is also evident that it does so only 
in the presence of an ionic solution. This suggests immediately 
that the adsorptive properties of the clay may be responsible 
for the phenomenon. 


Conductivity of the Ionic Double Layer 
Nature of Double Layer 


The surface property of the colloidal shales and clays found 
in nature is such that they adsorb more negative ions than 
positive ions from an ionic solution. This results in the col- 
loidal material being negatively charged with respect to the 
solution and also results in an electric field which attracts 
positive ions to the vicinity of the negatively charged surface. 


F.G. 1—SCHEMATIC ILLUSTRATION OF CHARGE DISTRIBUTION IN 
SHALY SAND. 
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These positive ions form a diffuse ionic layer. The nature of 
this diffuse layer and the distribution of ions throughout the 
so-called double layer are described in the classical theories 
of Helmholtz,’ Stern,’ and Gouy.* Recently an excellent discus- 
sion of the electrical double layer was given in a treatment by 
Verwey and Overbeek.’ The existence of the double layer in 
naturally occurring shales and its role in the development of 
the logging potential has been discussed by McCardell, et al.” 


It may be shown that one consequence of the ion distribution 
in the double layer is a higher concentration of mobile positive 
ions in the immediate vicinity of a shale surface than in the 
bulk of the solution with which the shale is in equilibrium. 


Distribution of lons in Double Layer 


The concentration of ions in a solution adjacent to a charged 
surface, such as exists in a sand in which there is some clay, 
may be illustrated in idealized form by Fig. 1. 


Several points are exemplified by this figure. First, nearly all 
of the “fixed” negative charges which reside on the surface of 
the pore are on the clay. Second, the concentration of mobile 
positive ions near the charged surface is higher than that of 
the mobile negative ions. Third, the total numbers of positive 
and negative charges, both mobile and fixed, in the system are 
identical. Fourth, if the pore be sufficiently large so that a 
portion of the solution will be beyond the influence of the 
surface charge or if no charged surface exists, then part or 
all of the solution will have equal numbers of positive and 
negative ions. This “double-layer free” solution is the same as 
the solution in equilibrium with the rock. 


The distance through which the surface charge is operative, 
the thickness of the double layer, is determined essentially by 
the concentration and kind of ions in the solution in equilib- 
rium with the surface. The number and distribution of the 
ions in the double layer are dependent upon the type and 
concentration of the ions in the equilibrium solution and upon 
the surface charge. 

The distribution of the mobile ions in the double layer may 
be estimated if the surface potential, temperature, and type of 
ions are known. From a knowledge of the surface charge, the 
variation of potential with distance from a flat charged surface 
may be approximated by application of Poisson’s equation.’ 
The concentrations of mobile positive and negative ions at any 
point are related to the potential at that point by Boltzmann’s 
equations 


VEo 
n, = ne ———- 
VEo 


where: 


n, is the concentration of mobile positive ions 

n, is the concentration of mobile negative ions 

n is the concentration of mobile positive or negative ions 
in the equilibrium solution far away from the charged surface 

k is Boltzmann’s constant 

€ is the charge on an electron 

@ is the electrical potential at any point referred to the 
equilibrium solution 

V is the valence of the ions. 


To provide an example, the concentrations of univalent 
positive and negative ions were calculated as a function of the 
distance from a charged surface for two different assumed 
values of surface potential. These were —25.6 and —76.8 milli- 
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volts with respect to the equilibrium solution. In this calcula- 
tion, the solution was assumed to be at 25°C. The results are 
shown graphically in Fig. 2. In these examples, the negative 
charges on the surface were assumed to be points so that the 
layer of negative charges was of zero thickness. 

Several important points are illustrated by Fig. 2. First, the 
number of mobile positive ions per unit volume in the elec- 
trical double layer may be much greater than the mobile 
positive ions in the equilibrium solution. Second, although 
there are fewer mobile negative ions in the double layer than 
in the equilibrium solution, the difference in these two nega- 
tive ion concentrations is not large. Third, the surface potential 
has a marked effect on the concentration of the positive ions 
in the double layer. It is this high positive ion concentration 
in the double layer which causes the increased or excess dou- 
ble-layer conductivity found in argillaceous reservoir material. 


Excess lons in the Double Layer 


An examination of Fig. 2 also reveals that the number of 
mobile ions in the double layer in excess of those in the solu- 
tion remote from the surface may be approximated by the 
difference in the mobile positive and negative ions. The equation 
from which the charge density of the double layer may be 
obtained is derived in Verwey and Overbeek’s” work for a flat 
double layer. It is 


2n D kT 

sinh (V € $,/2kT) 

where: 

a is the surface charge per sq cm 

D is the dielectric constant 

¢, is the surface potential in millivolts referred to the equi- 
librium solution. 

The above equation was derived by assuming that the ions 
are point charges. Thus, this equation is applicable only to 
fairly dilute solutions. 

If Equation (3) is divided by the valence of the ions and the 
charge, V €, then the resultant equation 


| 2QnDkT sinh (V € ¢,/2kT) 


We 


= 


indicates the difference in the number of positive and negative 
ions in the double layer. 

On this basis, the excess double-layer conductivity is a func- 
tion of the product of (n,—n.,) and the mobility of the positive 
ions in the double layer. The magnitude of (n;—n.) is depend- 
ent upon the concentration of the equilibrium solution, n, and 
the surface potential, ¢,. Although the concentration of the 
equilibrium solution may be determined experimentally, the 
manner in which the surface potential, referred to the equi- 
librium solution, varies with concentration is not amenable 
to experimental determination. However, McCardell e¢ al” 
have shown that (n,—n.) appears to increase with concentra- 
tion. This effect seems to be more pronounced in the more 
dilute than in the more concentrated solutions. 

There is considerable uncertainty as to the mobility of the 
positive ion in the double layer. It should lessen, however, with 
an increase in concentration. This reduction in positive ion 
mobility is probably not as great as the increase in (n,—n.) 
at low concentrations. At high concentrations, it is probable 
that the mobility decreases faster than (n,—n.) increases. 
Thus, there is likely to be an increase in excess double-layer 
conductivity when the solution is dilute and a subsequent 
decrease when the solution becomes more concentrated. 
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2.0 
Legend: 
(+) lons for Surface Charge -76.8 mv. 
—s- (—) lons for Surface Charge -76.8 mv. 
i (+) lons for Surface Charge -25.6 mv. 
—--—--(-) lons for Surface Charge -25.6 mv. 
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FIG. 2— DISTRIBUTION OF IONS IN ELECTRICAL DOUBLE LAYER FOR 
0.1 N EQUILIBRIUM SOLUTION. 


The foregoing analysis shows that it-is reasonable to expect 
the excess double-layer conductivity to vary with concentra- 
tion. This immediately suggests that predictions based on the 
assumption of constant excess double-layer conductivity, irre- 
spective of the nature and concentration of the solution in 
contact with the sample, will be in error. 


EXPERIMENTAL CORROBORATION OF THEORY 


Presence of Excess Ions in Double Layer 


It has been stated that a higher concentration of positive ions 
exists in the solution opposite negatively charged surfaces than 
in the solution in equilibrium with the sample. This was veri- 
fied experimentally in the following manner. 
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Table 1— Apparent Resistivity Factor and lon 
Displacement Data — Stevens Sandstone 


Apparent Concentration of Solution in 


Sodium Chigride 
Solu ion in Contact Resistivity Core as Computed from Ions 
with Core Facvor Disp aced by NHiNOs 
Nat Cl 
Eq./Liter Fa Eq./Liter Eq,/Liter 
1.0 19.7 
0.0882 9.8 0.201 0.111 
0.00882 4.0 0.103 0.020 


A sample which showed abnormal conductivity was obtained 
from the Stevens sandstone, Elk Hills Field, California. This 
sample was saturated and flushed with 1N NaCl solution. Then 
the sample was flushed with 0.0882N NaCi solution until the 
resistivity of the core remained constant. After this, the solu- 
tion in the pores was displaced by flowing at least 50 pore 
volumes of 1V NH, NO, through the core. When this quantity 
of ammonium nitrate had been flushed through the core, the 
chloride ion could not be detected in the effluent solution. The 
effluent solution then was analyzed for its sodium and chloride 
content. The results of this determination and a similar one 
in which 0.00882N NaCl was used instead of the 0.0882N NaCl 
are given in Table 1. 

An examination of these data reveal that more sodium and 
chloride ions were displaced from the core than could be 
accounted for by the pore volume and concentrations of the 
solution in contact with the core. The excess ions can only be 
explained by an adsorption phenomenon and consequent con- 
centration of ions in the double layer as discussed previously. 

It is apparent that more sodium ions were displaced by the 
ammonium nitrate solution than were chloride ions. If dis- 
placement of sodium by ammonium and chloride by nitrate 
were quantitative, and if cation exchange in the clay lattice 
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did not take place, then it might be expected that equal 
excesses of sodium and chloride ions would be found in the 
ammonium nitrate effluent. That the excess sodium was greater 
than the excess chloride was probably due partly to cation 
exchange and partly to incomplete desorption of chloride, 
since the chloride ion is notoriously difficult to displace by 
nitrate. 

Although it is not feasible to make quantitative use of these 
data shown in Table 1 to account for the variation in apparent 
resistivity factor, the data demonstrate qualitatively the exist- 
ence of excess ions which comprise the double layer. 


Effect of Ion Concentration on Excess 
Double-Layer Conductivity 


To investigate the influence of solution concentration on 
excess double-layer conductivity, experiments were performed 
on a sample of shale approximately one-eighth in. in thickness 
and 1] in. in diameter from the Spraberry formation of West 
Texas. The Spraberry shale was particularly suitable for this 
investigation since it showed no tendency to disperse in dilute 
solutions. 

The shale sample was saturated with 5N NaCl solution and 
placed in contact with this solution until the resistivity of the 
sample remained constant over a period of 72 hours. When 
constant resistivity had been reached, the solution in contact 
with the sample was changed to one of lower salinity. The 
above procedure was repeated for 1N, 0.1N, and 0.01N NaCl 
solutions. The results are given in Table 2. 

Patnode and Wyllie and de Witte advocated the use of an 
equation of the form 


1 B 


where: 

R, is the resistivity of the rock saturated with solution 

A and B are constants for a particular rock 

p is the resistivity of the solution in equilibrium with the 
rock, to represent the conductivity of brine-saturated shaly 
materials. To test the validity of this equation, the data on the 
Spraberry shale given in Table 2 were plotted in the form 
1/R, against 1/p. As may be observed in Fig. 3, these data do 
not give a straight line as Equation (5) indicates. This indi- 
cates that Equation (5) is not valid. 

The influence of electrolyte concentration on excess double- 
layer conductivity may be examined by considering, first, a 
sample in which the double-layer contribution is negilible. 
The resistivity factor is 


where F is the resistivity factor which is not influenced by the 


Table 2 — Resistivity Data — Spraberry Shale 
Sodium Chloride 


Solution in Contact Soluti Ss 
with Sample Resistivity. ( p) ) 
Eq./Liter Ohmeters Ohmeters Fa 
5.0 0.0417 104 2,49 
490 
1.0 0.120 143 1,190 
0.1 0.95 347 365 
0.01 8.0 665 83 
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FIG. 4— VARIATION OF EXCESS DOUBLE-LAYER CONDUCTIVITY WITH 
NaCl SOLUTION CONDUCTIVITY, SPRABERRY SHALE. 


double-layer. The resistivity factor in this case is a measure of 
the effect of pore geometry upon the flow of an electric current 
through the sample. Even for very shaly sands or limestones, 
the apparent resistivity factor approaches a constant value as 
the concentration of the electrolyte used to saturate it in- 
creases. Since the actual pore configuration of a sample may 
be assumed to undergo no significant change as the concen- 
tration of electrolyte changes, even for a shaly sample R,/F 
is an indication of the resistivity of the solution in the pores 
of the sample. Then, Equation (6) may be written 


(6a) 


in which p, is the resistivity of the interstitial solution, includ- 
ing the double layer. 

The resistivity of this internal solution, p;, may be related 
to that of the equilibrium solution by 


where 7 is the excess double-layer conductivity. 
Combination of the above equation with Equation (6a) gives 


(8) 


For the Spraberry shale sample which was investigated, the 
effect of double-layer conductivity could not be eliminated 
even at very high salinities. This is not the case for most shaly 
sands and limes. For purpose of illustration of excess double- 
layer conductivity with the Spraberry shale data, the resistivity 
factor, F, may be assumed to be in the neighborhood of 3,500 
or 4,000. 

The values of the double-layer conductivity were calculated 
by Equation (8) for an F of 3,500 in one case and of 4,000 
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in another. The results are shown in Fig. 4. From this figure 
it is manifest that there is some uncertainty as to the actual 
magnitude of the double-layer conductivity because of uncer- 
tainty as to the value of F. This error is minimized as 


— decreases. 
p 


Whether F is assumed to be 3,500 or 4,000, the shapes of 
the curves remain the same. In each case there was an increase 
in double-layer conductivity as the solution concentration in- 
creased up to about 1.0 normal. When the solution in equi- 
librium with the sample was more concentrated than about 1.0 
normal, there was a decrease of double-layer conductivity 
with an increase in solution conductivity. These results confirm 
those predicted from the theory discussed previously. The re- 
sults of Berg” who worked with kaolin and salt solutions, and 
more recently Wyllie,” also corroborate the observed variation 
of double-layer conductivity with concentration of dilute 
solutions. 


Effect of Ion Type on Double-Layer Conductivity 


Since the double-layer conductivity of a sample is dependent 
mainly upon the valence and concentration of the ions, the 
surface potential, and the mobilities of the ions, it would be 
expected that the type of ions in equilibrium with the sample 
should influence the double-layer conductivity. 

The effect of different solutions on the double-layer conduc- 
tivity was investigated by use of the Spraberry shale sample 
discussed previously. The sample was allowed to come to 
equilibrium with a 5N NaCl solution; then the sample was 
allowed to come to equilibrium in successive experiments, with 
solutions of CaCl, of various concentrations. The resistivity 
of the sample and the resistivity of the solution were measured 
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FIG. 5 — EFFECT OF DIFFERENT IONS ON EXCESS DOUBLE-LAYER CON- 
DUCTIVIF¥, SPRABERRY SHALE, F = 4,000. 
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in each case. Determinations were also made by the same 
procedure using Th(NO,), as an electrolyte. 


The results of this investigation are shown in Fig. 5. From 
these results it may be observed that the type of ion as well 
as the number of ions affect the excess double-layer 
conductivity. 

Natural shale, such as the Spraberry shale investigated, is 
not the only porous material which is sensitive to type of ion 
and resistivity of the solution in contact with the material. 
Sollner and Gregor have reported results of resistivity 
measurements on permselective collodion membranes. The re- 
sults of their investigations indicate that the resistivities of 
these materials are even more influenced by ion type and 
concentration than was the Spraberry shale. 


CONCLUSIONS 


1. The abnormal conductivity of shaly sands and limes 
containing an electrolyte is a consequence of adsorption 
on the clay surface and a resultant concentration of ions 
adjacent to the surface. 

2. The magnitude of the abnormal or excess double-layer 
conductivity varies with the concentration of the electrolyte. 

3. The excess double-layer conductivity is dependent upon the 
particular ions in the electrolyte, as well as upon their 
concentration. 
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SPRABERRY PERMEABILITY FROM BUILD-UP CURVE 
ANALYSES 


A. B. DYES, MEMBER AIME, AND O. C. JOHNSTON, THE ATLANTIC REFINING CO., DALLAS, TEX. 


ABSTRACT 


The application of a method for analyzing pressure build-up 
curves to determine the effective permeability in the Spraberry 
is presented. Sixteen Upper Spraberry wells of the Driver area 
are analyzed and show variations in the in-place effective per- 
meability of 2 to 183 md. Since these values are much larger 
than the .5 md, or less, reported for the matrix rock, a large 
part of the vertical fractures noted in Spraberry cores must 
be considered native to the formation. 

The effectiveness of the well fracture treatment in connecting 
the well bore to the native fracture system is analyzed by 
comparison of the effective permeability as determined from 
the PI test to that obtained from a pressure build-up curve. 
These results show that the fracture treatment is sufficiently 
effective in connecting the well bore to the native fracture 
system to yield a flow capacity within about +50 per cent 
of that dictated by the native fracture system. About two-thirds 
of the wells show some degree of local blockage. 


INTRODUCTION 


Fractured reservoirs have been known in the past.’ However, 
during the past two years the Spraberry formation has directed 
the attention of the petroleum industry to a study of the per- 
formance of a fractured reservoir. The large variation in the 
number of fractures noted in Spraberry cores, the large varia- 
tion in the producing ability of offset wells, the dramatic effect 
of well treatment on well productivity, the unknown quantity 
of oil stored in the fractures and matrix rock, and the unknown 
oil to be recovered were part of the initial Spraberry puzzle. 

In this type reservoir where the well treatment is an impor- 
tant factor in determining the productivity, it is particularly 
desirable to determine the in-place flow capacity of the drain- 
age area at distances far removed from the well bore. This 
value, when compared to the flow capacity obtained from a PI 
measurement, will show the effectiveness of the well treatment 
(completion, fracture treatment, acidization, etc.) in establish- 
ing a flow capacity in the vicinity of the well bore equal to 
that in the more remote region. The object of this paper is 
to show the application of a method of pressure build-up 
analysis for this purpose in studying the Upper Spraberry 
formation in the Driver area. 


STATEMENT OF THEORY 


The theoretical basis for the application of a pressure build- 
up curve to show the effective permeability of the rock at dis- 
tances far removed from the well bore has been presented in 
detail in earlier publications.”* In the previous development 
it was shown that pressure build-up behavior of all wells could 
be reduced to the same dimensionless build-up curve of Fig. 1. 
This means that the bottom hole pressure of a well after shut-in 
will rise in such a manner that a plot of pressure against the 
logarithm of time yields a straight line. The slope of this line 


1References given at end of paper. 5 
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can be used to calculate the effective permeability as expressed 
by the following equation: 


oP Ko 
mh 
where: 
k, = effective oil permeability, md 
Q, =oil production rate prior to shut in, STB/D 
Res. bbl 
B = formation volume factor, ————— 
STB 
= oil viscosity, cp 
h = effective pay thickness, ft 
m  =slope of build-up curve = 
ts 
logy), 
t 


1 
where ¢, and ¢, represent any two given times in 
hours in the straight portion of the build-up curve 
and P, and P, represent the pressure in psig at 

these times 

In practice the flow which occurs into the well bore after 
shut in and the variation in flow capacity in the immediate 
vicinity of the well bore usually cause the early part of the 
build-up curve to be unsatisfactory in the determination of 
permeability. In general the effect of these factors on the 
straight line section will become negligible after a time when 
the @ of the following equation is equal to 0.1, and the pre- 
ferred section of the curve for use in defining the slope lies 

between a Z of .01 to .1. For one phase flow: 
.0002637 k, 


where: 
t = shut-in time, hours 
f = total porosity, fraction 


Cy = mean compressibility of phases present, 1/psi 
= radius of drainage, ft 
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FIG, 2 — PRESSURE BUILD-UP CHARACTERISTICS OF UPPER SPRABERRY 
WELLS. 


For two-phase flow: 
0002637 k,t 5, + 


fer B 
where: 
6, =density of stock tank oil, lbs/STB 
5, = density of separator gas, lbs/SCF 
= average density of res. oil and gas, lb/res bbl 


 =gas-oil ratio, SCF/bbl 

The previous publications discussed means for estimating 
the well drainage radius and showed an equation for calculat- 
ing the production time required for stabilizing conditions in 
the drainage area. In this reservoir several days’ flow results 
in a drainage area large enough to render the estimation of 
the proper time for slope determination relatively insensitive 
to reasonable variations in the estimate of the drainage radius. 

The average permeability of the entire drainage area, which 
includes the conditions local to the well bore, is obtained from 
PI test through the application of the conventional radial flow 
equation. 


TEST AND WELL CONDITIONS 


Bottom hole pressure measurements were obtained over a 
44-hour or more build-up period on 16 wells. An Amerada 
gauge was used with routine calibration checks. All wells are 
completed only in the Upper Spraberry of the Driver area. 
The completion practice in all except one well consisted of 
setting casing on top of the Spraberry, drilling in with Spra- 
berry oil, completing as an open hole and applying fracture 
treatment. PI and bottom hole pressure build-up data were 
obtained, usually within one to two months after completion. 
The wells tested were completed over a several month period 
and into areas showing various degrees of migration. All wells 
at the time of test are thought to have gas and oil present in 
the fractures. Consequently, the effective permeability as 
measured reflects some degree of gas blockage. 


EFFECTIVE PERMEABILITY FROM PRESSURE 
BUILD-UP ANALYSIS 


The manner in which the bottom hole pressures of the 
Spraberry wells build up with time is illustrated in Fig. 2. 
These three wells represent a fast, moderate and slow pressure 
build-up behavior and define the range of behavior noted on 
a majority of the 16 wells tested. The beginning of the pre- 
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Table 1— Calculation of Effective Permeability From 
Build-up Slope 


Formation Volume 


Factor Effective 
Thickness Oil Prod. Res. Viscosity Permeability 
Well Slope Ft Rate B/D Bbl/STB cp md 
M 8.0 20 98.6 1S 1.05 138 
F 81 20 129.9 1.05 17.9 
199 20 124 1.28 


ferred time interval for obtaining the slope of the straight line 
section for two-phase compressibility are shown on each curve. 
If the reservoir is considered to be undersaturated the pre- 
ferred time interval would begin at approximately one-tenth 
of the time shown. These curves were obtained over a sufficient 
period and the well bore effects disappeared quickly enough 
so that the effective permeability determined is the same 
regardless of the type of compressibility used. The calcula- 
tions of the effective oil permeability in the more remote 
regions of the well drainage area (at least 100 ft or more 
away from the well bore) through the use of the pressure 
build-up slope is illustrated in Table 1. 

The effective permeability as determined on the 16 wells 
ranges between 2 and 183 md with an arithmetie mean of 
36 md. The distribution of effective permeability is illustrated 
in Fig. 3. As will be discussed later, these values are repre- 
sentative of the flow capacity of the vertical fracture system 
native to the reservoir. These and other pertinent test data 
are shown in Table 2. No attempt is made at this time to 
adjust these values to an initial reservoir condition. When 
subsequent tests are made at other gas-oil ratios, the relative 
permeability relationships of the fracture system can be deter- 
mined and all values can then be adjusted for the varying 
degree of gas blockage. 


EVALUATION OF WELL TREATMENT TO 
IMPROVE PERMEABILITY 


The average effective permeabilities of the drainage areas 
as measured by PY’s (which include any blockage or improve- 
ment near the well) range from .4 to 1.8 times those measured 
in the body of the reservoir by the buildup curve analysis. The 
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FIG, 3— DISTRIBUTION OF EFFECTIVE PERMEABILITY PROM BUILD-UP 
CURVE ANALYSIS. 
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productivity of a majority of the wells after well fracture 
treatment is within about +50 per cent of that dictated by 
the native fracture system. While in most instances a well must 
be given a treatment to induce additional fractures local to 
the well bore in making a commercial oil well, the pro- 
ductivity is governed principally by the native fracture system. 
Fracture treatment to improve the well above this value does 
not help more than about a factor of two. This is in line with 
theoretical considerations. 

The overall permeabilities as obtained from PI tests are 
plotted against the permeabilities which were obtained from 
the slopes of the build-up curves. Fig. 4. If the fracture treat- 
ments had resulted in a flow capacity equal to that of the drain- 
age area, these data would fall on a 45° line. This log plot does 
not give proper emphasis to the magnitude of improvement or 
blockage. Two-thirds of the wells show blockage amounting 
to an average reduction in productivity of 28 per cent. The 
other wells show an average improvement of 40 per cent. 

One well was successfully completed without a fracture 
treatment. This well showed severe blockage in the vicinity of 
the well bore, Table 2. After three months of production the 
well was given a fracture treatment which resulted in a 
doubling of the production rate. This was the order of 
increase to be expected from the amount of local blockage 
shown on the build-up curve prior to treatment. 


NUMBER OF FRACTURES REQUIRED TO 
ACCOUNT FOR OBSERVED FIELD 
PERMEABILITY 


The large flow capacity of the regions far removed from 
the well bore as determined by the build-up analysis (2 to 
183 md) compared to the low permeability in the matrix rock 
of less than .5 md measured by Atlantic and other oper- 
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FIG. 4 — RELATION OF OVERALL TO DISTANT PERMEABILITY. 


ators’”’”’ is strong evidence that a native fracture system is 
present and represents the main flow paths to the wells. On 
the other hand the number of interconnected fractures required 
to obtain the flow capacities in the range of those obtained on 
the build-up curves are low.’ This is illustrated in Table 3 
for an idealized system of fractures. The fracture system 
considered was comprised of vertical, perpendicular fractures 
which were uniformly spaced, of constant width, intersecting 
at right angles and having a tortuous path toward the well 


of 1.5 times a straight path. 


Table 2— Well Test Data 


Average 
Perme- 
ability 
Last Effective of Entire 
Bottom Measured Perme- Effective Drainage 
Hole Pressure Calculated ability Perme- Area to 
Duration Produc- Flowing During Build-up from ability Perme- 
Completion Date Date of 0 tion Rate Pressure Shut in Pressure* Produc- Gas Slope from ability 
aaa TE Build-up Build-up Prior to (Datum: (Datum: (Datum: tivity Oil Equation Pi Away 
Well Year __ Quarter Test Test Shut in ~4,375') -4,375') -4,375’) Index Ratio id “* from Well _ Remarks 
Hours PSIG PSIG PSIG _B/D/PSI__SCF/STB Md 
A 1951 A 9-19-5] 48 42.8 996 1,802 2,111 .037 1,150 2.4 3.2 ese 
B 195] 9-20-5] 46 alee 1,823 1,983 1,000 6.3 1.13 Perforated 
thru casing 
(Other wells 
completed 
open hole) 
G 1951 3 10-31-51 17 124.0 875 2,021 2,203 093 1,100 dep 7.9 1.09 be Gs 
‘ig, 2 
D 1951 4 ll- 6-51 71 260.0 1,330 2,245 2,250 28 730 9.3 17.0 1.84 
E 1951 Zi 7-13-51] ay 125.4 1,281 2,203 2,224 13 720 24.6 10.6 43 
EF 1951 4, 10-27-51 95 129.9 1,360 2,190 MU Alls. 650, 17.9 12.0 67 Well not 
given fracture 
treatment. 
Well F, Fig. 2 
G 195] 3 9-18-5] 47 152.4 935 2,145 2.165 12 700 21.2 9.3 45 
H 195] 3 9-25-51 44 129.7 926 1.985 2,132 11 700 10.1 8.8 87 
195] 3 9-24.51] 46 151.9 890 2,006 760 11.4 10.2 90 
J 195] 3 11-13-5] 67 19.0 1,605 2,015 2.085 040 650 4.0 3.4 85 
K 195] 4 ll- 2-5] 76 81.) 919 2.045 2.181 064 650 8.6 5.0 8 
L 195] 4 2-12-52 74 40.5 1,958 2.043 2.050 44 720 3. 35.6 83 
M 1951 4 11-14-51 67 98.6 2,169 2,203 2,208 ay Hesle = Alstey 202. 1.47 Well M, 
Fig. 2 
N 1952 ] 2-20-52 96 145.9 1,919 2,070 2,070 97 690 50.6 78.8 1.55 
O 1952 | 2- 6-52 99 48.7 2,067 2,090 2,090 2.1 680 =183 170. .93 
{Pe 1952 | 2- 7-52 Ti 81.1 2,034 2,105 2,142 75 710 40.5 PI declining 


*By method given in references 1 and 2. 
**Thickness of 20 ft used for all wells. 
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EFFECT OF MATRIX-FRACTURE SYSTEM ON 
PRESSURE BUILD-UP CURVE 


The application of the pressure build-up analysis to the 
fracture-matrix system as illustrated in the preceding section 
assumed that the fractures were frequent enough and non- 
directional enough to yield a flow system which is radial in 
nature. The pressure behavior observed in the Atlantic wells 
in the Driver area show migration in all directions and show 
only slight evidence of directional flow. Consequently, in study- 
ing on the electric analyzer the effect of the matrix on the 
pressure build-up characteristics the ideal fracture system 
described above was used. On this basis the radial flow units 
were modified to include a resistance for flow from a matrix 
block to the fracture system, and it was assumed that the oil 
storage volume of the fractures is negligible in comparison to 
that in the matrix (fracture volume estimated at less than 
one per cent of the total oil volume). Also, the matrix block 
was considered to be approximated by a cylinder with diverg- 
ing radial flow to the fracture system. 

The permeability of the matrix block was taken to be 0.1 
md. The effect of various distances between fractures for a 
constant fracture width of .003 in. on the shape of the pres- 
sure build-up was determined. At high values of permeability 
of the fracture system (100 md) the matrix block size is small 
(around 1] ft) and the pressure drop from the interior of the 
matrix block is very small. For example, with a withdrawal 
of 100 bbl of oil per day from a 40-acre drainage area the 
pressure drop from the interior of a matrix block 1 ft square 
is calculated to be about 1 psi. Consequently, rapid pressure 
equilibrium would be expected between small matrix blocks 
and fractures. The build-up behavior for small block sizes 
would be expected to be the same as for a non-fracture system 
in which the oil storage is equal to that of the matrix and 
the flow capacity is equal to that of the fracture system. 
However, at low values of permeability (10 md) the size of 
the matrix blocks (around 8 ft) are large enough to affect 
the build-up curve. The apparent permeability from the 
build-up curves is about 25 per cent lower than the true 
permeability of the fracture system. This varies approximately 
linearly, with zero variation at 100 md and 25 per cent varia- 
tion at 10 md. A comparison of the pressure build-up behavior 
of a fractured and non-fractured reservoir of equal perme- 
ability for a low value of permeability is shown in Fig. 5. 
If the permeability values obtained from the slopes are cor- 
rected the low permeability wells show slightly more local 
blockage than that indicated on Fig. 4 and in Table 2. 


SUMMARY AND CONCLUSION 


The effective permeability as determined by pressure build- 
up curve analysis on 16 wells of the Driver area of the Upper 
Spraberry reservoir ranges from 2 to 183 md. Since these 
values are much larger than the .5 md or less determined on 
the matrix sandstone, a large part of the fracture system 
noted in cores must be considered as native to the formation. 
It appears that the role of the fracture treatment is to give 


Table 3— Relationship Between Width of Fractures 
and Their Distance Apart for Different Reservoir 


Permeabilities 
Fracture. RESERVOIR PERMEABILITY 
Width 10 md 20 md 40 md 80 md 160 md 
Tn; DISTANCE BETWEEN FRACTURES - Ft 
001 32 08 04 
.003 8 4 il 
01 312 156 78 39 19 
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FIG. 5 — PRESSURE BUILD-UP BEHAVIOR OF FRACTURED AND NON- 
FRACTURED RESERVOIR OF EQUAL CONDUCTIVITY AS OBTAINED FROM 
THE ELECTRIC ANALYZER. (Permeability of non-fractured reservoir and 
fracture system equals 9.6 md. Fracture system gives apparent behavior 
of non-fractured reservoir of 7.3 md.) 


more extensive connection from the well bore to the native 
fracture system than is possible with penetration of the bit 
alone. The well fracture treatment results in a well productivity 
within about +50 per cent of that dictated by the native 
fracture system. The well productivity appears to be controlled 
principally by the permeability of the native fracture system. 
However, well productivity can show as much as a three-fold 
variation in an area of equal permeability of the native 
fracture system as a result of variations in the effectiveness 
of the well fracture treatment. About two-thirds of the wells 
show some degree of local blockage. 
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ABSTRACT 


The original Buckley-Leverett theory has been extended and 
a more detailed formulation of the waterflood behavior in 
linear horizontal systems is presented. Particular considera- 
tion has been given to the evaluation of capillary pressure 
effects and differential equations permitting an explicit evalu- 
ation of these effects have been derived. On the basis of the 
developed theory it is recognized that the flooding behavior 
is dependent upon the length of the system and the rate of 
injection. At the same time it has been determined that systems 
of different lengths yield the same flooding behavior if the 
injection rates and/or the fluid viscosities are properly ad- 
justed or “scaled.” It has also been found that the sensitivity 
of the flooding behavior with respect to rate and length 
decreases as any one of these factors increases in value and 
that for sufficiently long systems and high rates of water 
injection the flooding behavior becomes independent of rate 
and length, or “stabilized.” To such stabilized conditions the 
theory formulated by Buckley and Leverett is applicable. 

A number of laboratory flooding tests have been made and 
good agreement has been found between theory and experi- 
mental observations. The experimental results are discussed 
and it is shown that under field conditions the flooding behavior 
is usually stabilized. As a result of these findings a procedure 
is indicated for evaluating field performances either on the 
basis of tests performed with commonly available core samples 
or by means of calculations using relative permeability data. 


INTRODUCTION 


In recent years the development of methods for evaluating 
oil recovery by waterflooding has been the object of consider- 
able research. A theoretical analysis of the mechanisms 
involved in the displacement of immiscible fluids was originally 
established by Buckley and Leverett’ and experimental investi- 
gations have been made by numerous workers.” Many of the 
experimental results are in mutual agreement and bear out 
several significant features of the flooding mechanism as pre- 
dicted by theory. Thus it has been generally recognized that 
a flood corresponds to the movement of a steep saturation 
bank or “front” (primary phase), followed by additional 
gradual oil displacement (subordinate phase). It has also been 
found that for any porous medium the flooding behavior is 
largely dependent upon the oil-water viscosity ratio and that 
for increasing values of this ratio the relative importance of 
the primary displacement phase decreases while that of the 
subordinate phase becomes more pronounced.”* 

Although the studies to date have clarified certain aspects 
of the flooding process, they have given rise to observations of 
a somewhat contradictory nature that cannot be explained in 
terms of the original theory. These observations pertain mainly 
to the effect of injection rate or pressure gradient upon recoy- 
ery. Some investigators report laboratory tests that indicate 
increasing oil recoveries with increasing rates of water injec- 


tion;*”” others find the flooding behavior to be independent 


References given at end of paper. 
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presented at the Fall Meeting of the Petroleum Branch in Houston, Tex., 
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of rate;”® and still others mention lower oil recoveries with 
increased injection rates.° 

The conflicting evidence indicated above creates considerable 
uncertainty with respect to laboratory testing procedures and 
the utilization of the resulting data for field evaluations. The 
principal purpose of this paper, then, is to resolve these 
uncertainties by means of a comprehensive theoretical and 
experimental investigation of the flooding mechanism. 


THEORETICAL DEVELOPMENT 
Derivation of Flooding Equations 


The mathematical description of transient flow phenomena 
is based upon the consideration of the various processes occur- 
ring during an infinitesimal time interval in an infinitesimal 
volume element and upon the correlation of these processes 
with those occurring in the adjacent elements. The volume 
elements are defined as being infinitesimal in comparison 
to the overall dimensions of the porous system, yet each sufh- 
ciently large so as to encompass the full range of pore 
openings encountered throughout the system. If a porous sys- 
tem can arbitrarily be subdivided into an infinite number of 
volume elements all possessing the same distribution of pore 
openings and if this distribution is unformly continuous, the 
system may be said to be homogeneous. Such a homogeneous 
porous medium is considered in the present studies. It is 
furthermore postulated that only oil and water are present 
in the porous medium, that they act as totally incompressible 
and immiscible fluids, and that gravity effects are negligible. 

In a linear flow system of unit cross sectional area, as treated 
here, the infinitesimal volume elements to be considered are 
cylindrical “slices” of thickness dx, oriented perpendicularly 
to the direction of flow. The equations applicable to any such 
volume element, at any time, describe the movements of oil 
and water across the element: 


V.=-k (1) 
Ox 
(2) 
My 0x 
and the capillary pressure between the two fluids: 
or 
oP, 
= (4) 


Ox Ox 0x 


The correlation between the conditions in adjacent elements 
is obtained by applying the principle of mass conservation to 
each of the fluids: 


and 
or the water. . . . (6) 


*Nomenclature at the end of the paper, 
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Relations (1), (2), (4), (5) and (6) form a system of 
five simultaneous equations defining the dependent variables 
V., V~, Py, P, and s in terms of the space and time coordi- 
nates x and t. Upon the elimination of the flow rate and 
pressure functions this system reduces to: 


where 
V=V,+V,, : Total rate of throughput or injection 
= : Oil-water viscosity ratio 


( 
and viscosity ratio. 


Equation (7) is of general applicability with respect to any 
linear transient flow process involving two incompressible 
fluids, the exact nature of the process being defined by the 
prevailing boundary. conditions. In conventional floods, the 
formulation of the boundary conditions is obtained by stating 
that the flow of water through the inlet section of the system, 
x = 0, at any time, ¢t, is equal to the total rate of injection, 
V, and that, conversely, the flow of oil is zero. Accordingly, 

k WP 
K,|V +—-K,° 


fli 10% 


1 
) = Function of relative permeabilities 


(8) 


The partial differential equation, (7), is of a non-linear, 
parabolic type and is not subject to formal solution. The 
existence and uniqueness of its solution under certain simple 
boundary conditions has, however, been demonstrated" and an 
extension of this demonstration to the more complex boundary 
conditions considered here can be justified. Therefore, Equa- 
tions (7) and (8) together with a statement of the initial 
saturation distribution completely describe the flooding behav- 
ior in a linear system. 

With regard to the above derivations it is pointed out that: 
1. The nature of the flooding equation, (7), is the same 

whether the system under consideration is preferentially oil- 

wet or preferentially water-wet. In the former case the 
capillary pressure as defined by Equation (3) is positive 
and in the latter it is negative. In both cases, however, the 


r“——— LENGTH OF FLOODED SAMPLE: L. —+ 


RATES OF INJECTION V\<Vp<V3 


S MAX 


WATER SATURATION, 


O DISTANCE, x 
FIG. 1— STABILIZATION OF LINEAR FLOODS WITH’ INCREASING 
VELOCITY. 
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derivative of capillary pressure with respect to saturation, 
dP. 


ing into Equation (7) and (8). 

2. It will be assumed that the rate of injection, V, is constant. 
The results derived under such conditions, in regard to 
saturation distribution and oil recovery vs cumulative water 
injection, can, however, readily be extended to the case 
where V is variable and a function of time, as in floods 
conducted at a constant injection pressure. 

Equations (7) and (8) represent the complete flooding and 
boundary equations in which the effect of capillary pressure 
is taken into account. By neglecting the influence of capillary 


, is positive, as are all other saturation functions enter- 


is zero, the flood- 


pressure forces, i.e., by assuming that 


ing equation and the corresponding boundary condition reduce 


to their “simplified” forms: 


dF os 
= (9) 


and 
Ke 10 (10) 
The discussion below will demonstrate that most of the prac- 
tical applications require only the use of the simplified equa- 
tion originally established by Buckley and Leverett. However, 
the justification for so doing, as well as a more complete 
understanding of linear flooding behavior requires considera- 
tion of the complete flooding and boundary equations, (7) 
and (8). 


Properties of Flooding Equations 


Dimensionless Form of the Equations 

The principal properties of linear floods can be derived on 
an analytical basis from the differential flooding equations, 
(7) and (8). For this purpose the independent variables must 
be normalized by the transformations 


(11) 
and 
WV 
(12) 


where X represents the distance expressed as a fraction of the 
total length, L, of the flooded system and T the accumulative 
injection (at any time t) expressed as a fraction of the total 
pore volume of the system. Upon substitution and simplification 
Equations (7) and (8) reduce to the dimensionless forms: 


os dE 1 dP. “0s 
(13) 
1+ at X = 0, for any T. 
ds 0x 


(14) 


Scaling Properties of Floods 

Equations (13) and (14) clearly indicate that the behavior 
of a linear flood is determined not only by the nature of the 
porous medium and the fluid system (i.e., specific values of 
porosity, permeability, viscosities, and definite relative perme- 
ability and capillary pressure functions), but also by the 
length of the flooded system and the rate of injection. Further - 
examination of the equations reveals that for floods performed 
in identical porous media and corresponding to the same oil- 
water viscosity ratio, the total length of the system, the rate 
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of injection, and the water viscosity have similar roles since 
the basic flooding equation, (13), and the boundary condition, 
(14), remain unchanged as long as the product of these factors 
remains unchanged. Accordingly, the product, LVu,,, may be 
qualified as a “scaling coefficient,” and it can be stated that 
for a given porous medium and a given oil-water viscosity ratio 
all floods corresponding to the same scaling coefficient must 
behave similarly and yield equal recoveries for equal cumu- 
lative injections. This statement implies that (a) the recoveries 
and cumulative injections are expressed in terms of pore 
volumes; (b) all the systems under consideration possess the 
same initial saturation distribution; and (c) changes in the 
viscosity of the fluids do not alter the shape of the capillary 
pressure curve. 

It will be noticed that a more general form may be 
obtained for the scaling coefficient by including the water- 
oil interfacial tension, y, and the contact angle, 6. This is 
justified inasmuch as vy and cos @ enter as simple factors of 
proportionality into the capillary pressure function, dP./ds, 
and are present in no other terms of the flooding equations. 
The use of a generalized scaling coefficient, y- cos 0/LVu,,, 
might be of interest in future applications. In the present 
paper, however, consideration is primarily given to the prod- 
uct LVu,, because of the experimental difficulties involved in 
imposing precise variations on either the water-oil interfacial 
tension or the contact angle. A discussion of a further possible 
extension of the scaling properties of linear floods is presented 
in the Appendix. 


Stabilization of Floods 


In the preceding discussion the scaling coefficient has been 
developed as a means for interchanging the roles of length, 
injection rate, and fluid viscosities. The same coefficient can be 
used as a basis for evaluating the absolute effects of the three 
above factors on the behavior of linear floods. 

Examination of the complete flooding equation, (13), shows 
that for small values of the scaling coefficient, LVu,,, the second 
order term, containing the capillary pressure element, is rela- 
tively large with respect to the two first order terms. Under 
such circumstances, the flooding behavior is influenced by 
capillary pressure forces and is markedly dependent upon rate, 
length, and fluid viscosities. As the value of the scaling coefh- 
cient increases, it is seen, however, that the relative importance 
of the second order term diminishes and that it will eventually 
become negiligible.* The flooding equation then reduces to its 
simplified form, in which only the first order terms are 
retained: 

Ost 0s 


oT ds 0X (15) 
A similar reasoning applies to the boundary equation, (14), 

which, for sufficiently large values of the scaling coefficient, 


reduces to: 


IK, = = sie (16) 


Equations (15) and (16) are independent of L, V, and #, or Hy 
(provided the ratio u,/#, remains unchanged). Accordingly, 
floods corresponding to sufficiently large values of the scaling 
coefficient may be defined as “stabilized,” since they are inde- 
pendent of the rate of injection, the length of the flooded 
system, and the fluid viscosities. More specifically it can be 
stated that for a given porous medium, viscosity ratio, and 
initial saturation distribution, all stabilized floods yield the 


*Anticipation of a similar result may be found in a recent publication 
by Calhoun and LaRue.” 


Vol. 198, 1953 


PETROLEUM TRANSACTIONS, AIME 


T.P. 3562 
ASSUMING NO END EFFECTS 
FACE 
e 
> DUE TO END EFFECTS 
1 
\ \ 
\ 
= \ 
\ 
Sew 


DISTANCE, x E 


FIG. 2 —ILLUSTRATION OF CAPILLARY END EFFECTS, PREFERENTIALLY 
OIL WET MEDIUM. 


same relation between oil recovery and cumulative water 
injection. 

The above characteristics of stabilized floods should be inter- 
preted as an extension of the scaling properties to limiting 
conditions approached with increasing values of the scaling 
coefficient. As indicated, the degree to which flooding behavior 
is influenced by rate, length, or viscosities depends upon the 
value of the scaling coefficient. The larger the order of magni- 
tude of this coefficient, the less pronounced is the effect of its 
variations and the less the flooding behavior is sensitive in 
regard to scaling. At the limit then, beyond a certain “critical” 
value, any further increases of the scaling coefficient produce 
only infinitesimal changes in the flooding behavior. Accord- 
ingly, all floods corresponding to scaling coefficients greater 
than the critical value become similar to each other, regardless 
of rate, length, or fluid viscosities. 

The properties of stabilized floods and the associated sim- 
plified equations, (9) or (15), have been fully discussed in 
the literature.” The mechanism of the stabilization process 
can be schematically illustrated as shown in Fig. 1. Presented 
are saturation distributions vs distance corresponding to three 
different injection rates at the moment of water “break- 
through,” 7.e., when water first reaches the outlet end of the 
flooded system. The dotted curve indicates the saturation dis- 
tribution obtained on the basis of the simplified equation, (15), 
neglecting the effects of capillary pressure. The other curves 
correspond qualitatively to the solution of the complete flood- 
ing equation, (13), for three different injection rates. With 
increasing rates the water saturation at the inlet face increases 
and the saturation build-up of the advancing water becomes 
gradually steeper. For sufficiently high rates, the water satu- 
ration at the inlet face reaches a maximum value (for which 
K, = 0), and the advancing saturation build-up takes the 
shape of a sharp water “bank.” The example in Fig. 1 indi- 
cates that the process of stabilization corresponds to a gradual 
rise of the water saturation distribution to an upper limiting 
position. Therefore, with increasing rates of injection the 
average water saturation of the flooded system necessarily 
increases. In turn, the oil recovery (at breakthrough) increases 
to a maximum value. 

While this example illustrates the stabilization process with 
respect to the average saturation at water breakthrough, it may 
be seen that a similar mechanism applies at any subsequent 
stage of the flood. Therefore, with increasing rates the stabili- 
zation process should result in a gradual rise of the entire 
recovery vs water injection curve toward a limiting position, 
which is that corresponding to stabilized flooding behavior. 

Due to the interchangeability of rate, length, and water vis- 
cosity, stabilized flooding behavior can be obtained by increas- 
ing any one of these factors or their product. the scaling 
coefficient. To determine theoretically the value of the scaling 


14] 


T.P. 3562 


coefficient required to reach stabilization would be of the same 
order of complexity as the solution of the complete flooding 
equation. For most practical purposes, however, such evalu- 
ations are not necessary since for each porous medium the 
conditions yielding stabilized floods can be determined from 
experimental tests as will be shown. 


Qualitative Analysis of Secondary Phenomena 


According to Equation (13) the propogation of a flood past 
the moment of water breakthrough can be visualized by extend- 
ing the movement of an imaginary water bank beyond the 
outflow face of the system, as indicated in Fig. 2. It should 
be realized that after water breakthrough the flooding behavior 
may be influenced by secondary capillary phenomena occurring 
at the outflow face of the flooded system. These end effects are 
caused by the sudden vanishing of capillary equilibrium be- 
tween the water and oil, and tend to maintain an excessive 
saturation of the wetting phase in the vicinity of the outflow 
face of the flooded system. Accordingly, if oil is the wetting 
phase, the saturation distribution at any moment past water 
breakthrough is deformed in the manner indicated by the 
dashed curve DD’ in Fig. 2. 

While the exact evaluation of the end effect is not discussed 
in this paper, it is pointed out that its mathematical descrip- 
tion would correspond to the introduction of an additional 


| 
| CAPILLARY PRESSURE CURVES —— 
OIL BY WATER DISPLACEMENT 


O: DRI-FILMED 
ALUNDUM CORE A 

A: OIL-TREATED 
ALUNDUM CORE I 


CAPILLARY PRESSURE IN psi 


— 


l | ] 
20 40 60 80 100 


OIL SATURATION IN PERCENT PORE VOLUME 


FIG. 3 — CAPILLARY PRESSURE CURVES, OIL BY WATER DISPLACEMENT. 


142 


PETROLEUM TRANSACTIONS, AIME 


PROPERTIES OF LINEAR WATERFLOODS 


Table 1— Summary of Core Properties 


Diameter Air Perme- 


cm ability, md Porosity 
A (Dri-Filmed) 1.97 2.64 429 240 
B (Dri-Filmed) 7.44 2.64 439 24] 
C (Dri-Filmed) 31.00 2.69 4.42 245 
I (Oil-Treated) 2.06 2.64 451 .239 
IL (Oil-Treated) 8.95 2.74 486 247 
IIL (Oil-Treated ) 30.55 2.63 489 Zo 


term into Equation (13). Whether this term would possess the 
same scaling properties as the rest of the equation cannot be 
predicted. It is, however, apparent that the relative importance 
of the end effect, which is localized, will decrease as the length 
of the flooded system, the rate of injection, or the fluid vis- 
cosities are increased. Accordingly, it may be anticipated that 
although the capillary phenomena at the outflow face of the 
system can cause some distortion of the scaling properties, 
they will not alter the trend toward stabilization of linear 
floods. 


EXPERIMENTAL STUDIES 
Description of Apparatus and Methods 


The primary objective of the experiments described herein 
was to verify the validity of the concepts developed in regard 
to scaling and stabilization. The results required for this pur- 
pose were recognized to be very sensitive to small variations of 
several experimental factors such as uniformity of the flooded 
samples, interfacial tension and viscosity of the fluids, rate 
of injection, and, to a lesser extent, end effects. Accordingly, 
proper care was taken in the design of the equipment and 
during the tests to permit control of the above factors. 

Two groups of alundum cores, about 1 in. in diameter, were 
used for most of the present studies, each group consisting 
of one short, one medium, and one long sample. To eliminate 
the original, unstable hydrophyllic tendencies of alundum and 
to produce different conditions of wettability, one set of cores 
was surface treated with G.E. Dri-film 9992, a chlorosilicone 
compound; the other set was subjected to prolonged contact 
with Soltrol-C, a Cy-C,, naphtha cut. In order to remain within 
the scope of the presented theory all cores were chosen to be 
as homogeneous as possible. The degree of homogeneity of 
the cores was evaluated on the basis of their dry air perme- 
ability profile determined by means of a special scanning 
device. In this manner it was possible to select cores whose 
permeability profiles show less than *3 per cent variation. 
Furthermore, the samples of each group do not differ from each 
other by more than +4 per cent in average permeability and 
may therefore be considered as sufficiently similar for purposes 
of comparative tests. A summary of the core characteristics is 
presented in Table 1. Representative capillary pressure curves, 
obtained by displacing oil with water, are shown for the two 
sets of cores in Fig. 3. The curve obtained with the dri-filmed 
core reveals a higher threshold pressure and a lower residual 
oil than is obtained with the oil-treated core. This indicates 
that the dri-filmed cores are more strongly oil-wet, a charac- 
teristic which was substantiated by the observation of spon- 
taneous oil imbibition with a corresponding reduction in water 
saturation from 100 to 27 per cent upon immersion of these 
cores in oil. The less pronounced oil-wettability of the oil- 
treated material was demonstrated by its failure to imbibe oil 
spontaneously in an immersion test. In fact, it was found that 
a positive pressure of 0.02 psi was required to force oil into 
water saturated cores of this group. The oil treated samples 
have for the purpose of these studies been defined as “neutral.” 
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The liquids used in the flooding experiments were Soltrol-C 
or mixtures of Soltrol-C and heavy mineral oil, and water or 
mixtures of water and glycerine. The viscosity ratio of Soltrol-C 
to water is 1.45 at 23°C and this ratio was maintained in all 
floods irrespective of the absolute viscosity of the aqueous 
phase. Preliminary tests indicated that appreciable decreases 
in the oil-water interfacial tension occurred during flooding 
experiments. This decrease, which could seriously affect the 
validity of the data, particularly in the case of non-stabilized 
floods, was the result of exposure of the liquids to the rubber 
parts of the experimental equipment. The difficulty was elimi- 
nated by allowing pieces of rubber to soak in the oil and the 
water for about 24 hours. The interfacial tension of the treated 
oil and water was then found to be stable at a value of 
approximately 23 dynes per cm. In the experiments involving 
the higher viscosity fluids the interfacial tension was adjusted 
to this same value. 


The flooding apparatus used consisted of a pulsation-free 
piston pump driven by a variable speed motor, a bacteriologic 
type filter, a pneumatic sleeve core holder, and a collecting 
system having an oil-water separator and a flow meter. Com- 
parative flooding experiments had to be run at different rates 
of injection; however, it was essential that the injection rate 
remain constant during each run. The pump was constructed 
to permit the selection of rates from 0.01 to 25 ml per minute. 
Throughout this range the delivery of the pump against vary- 
ing back pressures did not deviate from any pre-set value by 
more than 5 per cent. The determinations of oil recovery and 
corresponding water inputs were obtained by volumetric read- 
ings. The flooding cell and collection system were designed 
with a minimum holdup to permit volume determinations 
within 0.02 ml (about =1 per cent of the pore volume of 
the smallest core used). The volumetric readings of the oil 
recovery at the end of a flood were checked gravimetrically 
and, as a rule, agreement within 2 per cent was found between 
the two measurements. 


It has been pointed out in the theoretical development that 
flooding results during the stages at which water is produced 
can be influenced by end effects. However. at the very moment 
of water arrival at the outflow face these phenomena are not 
yet in existence and the flood is free from end effects. This 
leads to the conclusion that the breakthrough data are the 
most reliable for the verification of the scaling principle. To 
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obtain breakthrough data with sufficient precision the outlet 
end of the flooding cells was made of Lucite. It was then 
possible, by means of direct visual observation, to determine 
unequivocally the moment at which the invading water reached 
the outflow face of the core samples. 


RESULTS 
General Trend of Results 


The effects of rate of injection and fluid viscosities on the 
flooding behavior of a sample of constant length are illustrated 
in Figs. 4 and 5. The dependence of flooding behavior upon 
the length of the flooded system is illustrated in Fig. 6. These 
three figures present the curves of oil recovery vs cumulative 
water injection obtained for the same core material (dri-filmed 
alundum). [t can be seen that the flooding curves differ greatly 
in position and shape according to the corresponding values 
of rate, length, and fluid viscosities. All flooding curves have 
the tendency to shift upward toward a common limiting curve 
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with increasing values of any one of the three variables. Re- 
sults of this type, which have been observed on a variety of 
core materials, demonstrate qualitatively the interchangeable 
character of rate, length, and viscosity in linear flooding behav- 
ior and the general trend toward stabilization, as predicted 
theoretically. 


Verification of Scaling Properties 


The relationship between rate of injection and oil recovery 
at breakthrough for the three oil-treated alundum samples of 
different lengths is illustrated by the curves of Fig. 7. As the 
injection rate is increased the three curves reach a common 
limiting value and a further increase in rate results in no 
additional oil recovery at breakthrough. The three curves are 
seen to be similar in shape; to demonstrate the principle 
of scaling it is necessary to show that any two of the above 
curves can be made to coincide by multiplying their abscissa 
(the rates required to obtain any particular value of oil recoy- 
ery) by the length of the respective samples. This verification 
may be carried out in a more general manner by plotting the 
observed oil recoveries against the corresponding values of 
the scaling coefficient, LV u,,.* 

The relations observed between oil recovery at water break- 
through and scaling coefficients are presented in Figs. 8 
through 10. Fig. 8 corresponds to the oil-wet (dri-filmed) 
alundum cores flooded in the absence of connate water. Figs. 
9 and 10 correspond to the neutral (oil-treated) cores flooded, 
respectively, in the absence and in the presence of connate 
water. 

Examination of the data reveals that the oil recovery at 
breakthrough increases with increasing values of the scaling 
coefficient. A most significant result is that over the entire 
range of variation the correlation of the oil recoveries with 
the corresponding scaling coefficients results in the formation 
of a definite curve for each type of core material. The greatest 
degree of scattering, found in the data on dri-filmed alundum 
(Fig. 8), does not exceed £3 per cent pore volume and in 
relative value the discrepancies between recoveries correspond- 
ing to the same scaling coefficient remain less than +6 per 
cent. The best results were obtained for the floods performed 
without connate water in the oil-treated alundum (Fig. 9), 
where the discrepancies in recoveries are less than £1.5 per 
cent pore volume and less than £4 per cent in relative value. 

*For reasons of convenience the experimental data are referied to 


values of scaling coefficient expressed in units of sq em + ep/min (rather 
than sq cm * ep/sec). 
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It should be mentioned that experimental deviations arise 
from (a) the impossibility of selecting truly identical core 
samples and (b) unavoidable time lags which occur in corre- 
lating the produced fluid volume with the visual observation 
of breakthrough (this applies in particular to floods performed 
in short cores at high injection rates). In view of these devia- 
tions the correlation of the experimental results on the basis 
of the scaling coefficient LVu,, is considered a very substantial 
verification of the theoretical equations describing linear flood- 
ing behavior. 


Observation of Stabilized Flooding Behavior 


The curves presented in Figs. 8 to 10 show that as the scal- 
ing coefficient increases, the oil recovery at breakthrough 
increases; however, above a certain “critical” value of the 
scaling coefficient, the oil recovery at breakthrough becomes 
constant and independent of rate, length and water viscosity. 
Such a situation then is indicative of stabilized flooding 
behavior. 

From a practical viewpoint it is necessary to consider the 
recovery data not only for breakthrough but for the entire 
flood or, more conveniently, for an advanced stage of the 
flood. Figs. 11 and 12 show oil recovery obtained at a 100:1 
water-oil ratio as a function of the scaling coefficient for oil-wet 
and neutral alundum cores respectively. In the range of low 
scaling coefficients the scattering of the data points is quite 
pronounced, which may reflect the perturbations caused by 
capillary end effects. For sufficiently high scaling coefficients, 
however, the data points converge into a horizontal line at an 
oil recovery of 80 per cent for the oil-wet and 74 per cent 
for the neutral cores. The value of the scaling coefficient beyond 
which the oil recoveries at the 100:1 water-oil ratio remains 
constant is approximately 1.5 for each material. Comparing 
this result to the breakthrough data shown in Figs. 8 and 9 
it is seen that the scaling coefficient at which the oil recovery 
at 100:1 water-oil ratio becomes stabilized is the same or even 
lower than that at which stabilization at breakthrough was 
obtained. It may accordingly be concluded that stabilization 
at breakthrough ensures stabilization of the entire flooding 
process. 

The trend toward stabilization had been predicted theoreti- 
cally. The experimental results then demonstrate that stabilized 
flooding behavior is actually observed for finite, and, in most 
cases, relatively low values of the scaling coefficient. It can. 
therefore, be concluded that linear waterfloods are independent 


0) A 
> 
5 
Ew ° 
<3 
40k 9 
179, 448 , 136 = 
wy a a = 197 
e ° = 7.44CM. CORE B 
k2 
& 20 RELATION BETWEEN OIL RECOVERY AT 
BREAKTHROUGH AND SCALING COEFFICIENT 
ORI-FILMED ALUNOUM CORES 
w NO CONNATE WATER 
= 
io} 
0.01 0.1 10 10.0 100.0 
cm?- op 
SCALING COEFFICIENT LV fly IN SM 


FIG. 8 — RELATION BETWEEN OIL RECOVERY AT BREAKTHROU 

GH AND 
COEFFICIENT, DRI-FILMED ALUNDUM CORES, NO CONNIE 
WATER. 


Vol. 198, 1953. 


= 
60 

7 40 

— 
|| 


L. A. RAPOPORT AND W. J. LEAS 


of rate, length, and viscosity if performed under stabilized 
conditions, i.e., in systems of sufficient length or at sufficiently 
high rates of injection. 


DISCUSSION AND PRACTICAL APPLICATIONS 
Discussion of Results 


The conclusions drawn from the presented theoretical and 
experimental results are summarized as follows: 

1. The nature of a linear flood can be evaluated by means of 
the scaling factor, LV u,,. 

2. To any reservoir material and any system of fluids (defined 
by its viscosity ratio, interfacial tension, and contact angle) 
it is possible to assign a critical scaling coefficient. All 
floods performed at scaling coefficients higher than this 
critical value yield identical oil recovery vs water injection 
curves and are independent of rate and length. On the other 
hand, floods performed at scaling coefficients lower than 
the critical value are sensitive to rate and length and can 
yield identical oil recoveries only under conditions of exact 
scaling; subsequent to breakthrough the oil recovery may, 
however, be erratically influenced by capillary end effects. 

In addition to the alundum samples, a variety of porous 
materials have been tested to determine the scaling coefficients 
at which stabilized flooding behavior is established. The results 
of these tests are presented in Table 2. In most cases the criti- 
cal values of scaling coefficient were obtained by performing 
successive floods at increasing rates on a core sample from each 
material. The same fluid system was used throughout each 
series of floods. It is seen that the values of the scaling coefh- 
cient required to reach stabilized flooding conditions appear to 
increase with increasing permeabilities. For most of the mate- 
rials tested, however, the critical scaling coefficient lies between 

0.5 and 3.5 cp sq cm/min. In comparison, the values of scaling 

coefficient characterizing most practical field operations are 

almost an order of magnitude greater. For example, in five- 

spot floods, corresponding to a water injection rate of 10 B/D 

per {t of formation thickness and to a water viscosity of 1 cp, 

the scaling coefficient can be estimated to be about 18.* From 

~The scaling coefficient applying to a five-spot may be approximated by 
re, lacing the ac'ual quadrant by a ‘“‘linear’’ section of equivalent area as 
shown in Tig. 13. Assuming then continuously distributed injection and 


withdrawal along the sides AA’ and BB’, the scaling coefficient (in ep 
sq cmysinii) be expressed as 1.8 Quy» where Q is the rate of injection 


in L/D yer ft of formation thickness, per well. 
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this it can be inferred that under field conditions floods are 
usually stabilized, and that the recovery is virtually inde- 
pendent of rate or distance between wells. 

The above discussion which illustrates the validity of the 
simplified flooding equation, (15), for engineering purposes 
is considered to be one of the most significant results of this 
study. Off hand the evidence supporting such a discussion may 
appear to be incomplete since experimental data have been 
presented only for more or less oil-wet media. Actually, a 
correlation of laboratory data such as presented here should 
not necessarily be expected for strictly neutral or somewhat 
water-wet materials. This is due to the fact that with such 
materials the contact angle may change appreciably, depending 
on the rate of water advance. Such a change, in turn, would 
affect the capillary pressure term and the relative permeability 
functions entering into the flooding equation, (13). Under 
these conditions the flooding mechanism would be influenced 
by the specific effects of rate on the relative permeability and 
capillary pressure functions and would reflect a much more 
complex situation than is described by Equation (13). While 
such a situation can arise in laboratory tests (with media of 
insufficiently pronounced wettability) it need in reality not be 
considered under most field conditions, as will be shown. 


Using materials of sufficiently pronounced wettability it has 
been possible to demonstrate that the general form of the flood- 
ing and boundary equations, (13) and (14), is correct. 
Extending then the analysis to the case where relative perme- 
abilities and capillary pressure are rate sensitive, the flooding 
and boundary equations may be written as: 


(17) 
and 
= k Os 
| 1+ = at X = 0; for any 


(18) 


In these equations, K,, Ky, F and P. represent now func- 


tions of saturation s, and rate, V, and to different rates 
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correspond different sets of functions: K,(s,V), Kw(s,V), 


F'(s,V) and P.(s,V). This then precludes scaling (in media of 
insufficiently pronounced wettability) on the basis of the prod- 
uct, LVu,. However, from the physical aspects of multiphase 
flow it is apparent that variations in V can have only a limited 
effect on the relative permeability and capillary pressure func- 
tions. Therefore, it is seen that the coefficients of the differen- 
tial flooding equations remain finite and that their nature 
remains unchanged regardless of rate. It follows that at any 
given rate of injection the capillary pressure terms in Equa- 
tions (17) and (18) become negligible for sufficiently high 
values of the scaling factor, LVu,,; in turn it can be concluded 
that in sufficiently long systems, as approached under field 
conditions, the flooding behavior is always stabilized. 

For a medium in which the relative permeability functions 
are presumed to be rate sensitive one has: 


0) av 2! 

(s, ) (s, 2! ee 


(19) 


In these expressions, K,(s,0) = K.(s), Kw(s,0) = Kw(s) 
and F(s,0) = F(s) correspond, by definition, to the con- 
ventional relative permeability functions determined under 
conditions of “parallel flow” where all the fluid interfaces 
and contact angles remain essentially static. For sufficiently 
low rates, as encountered under field conditions in a slowly 
advancing water bank, it can within good approximation be 
F(s,V) = F(s,0). Accordingly, the conclusion is reached that 
the behavior of field floods in media of insufficiently pro- 
nounced wettability can in most cases be evaluated on the 
basis of the simplified flooding equation, (15), and the con- 
ventional relative permeability functions. - 
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The preceding discussion explains why materials possessing 
a pronounced preferential wettability were chosen for tests 
designed to verify the characteristics of the flooding equation. 
An important feature of these tests lies in the wide range 
of injection rates which varied from 10,000 to 4 in. per day, 
the latter figure corresponding to the order of magnitude of 
field rates. An additional significant result is that the residual 
oil saturations obtained by capillary displacement, i.e., at 
infinitesimal rates of water advance, were within experimental 
error exactly the same as those obtained under high velocity, 
stabilized, flooding conditions (c.f. Fig. 3). For the dri-filmed 
cores the capillary displacement of oil by water yielded a 
residual oil saturation of 19.8 per cent which compares with 
20 per cent obtained by flooding. For the oil-treated cores the 
residuals obtained by capillary displacement and stabilized 
floods were 25 and 26 per cent respectively. Theze results, 
which may be interpreted as a further verification of the the- 
oretical concepts, indicate that the flow rate had no effect on 
the wettability characteristics (and hence the capillary pres- 
sure and relative permeability functions) of the materials 
chosen for these studies. 

For purposes of practical application it is suggested that 
the comparison of the residual oil saturations obtained by 
capillary displacement and high velocity flooding respectively 
be used as a criterion in selecting a proper method for evalu- 
ating the waterflooding behavior of a given material. If close 
agreement is found between the two types of results, flooding 
experiments reproducing stabilized conditions can be expected 
to yield a representative relationship between oil recovery and 
cumulative water injection. On the other hand if the residual 
oil saturation obtained by capillary displacement does not 
agree with that obtained by high velocity, stabilized flooding, 
it is necessary to evaluate the waterflooding behavior by calcu- 
lations based on the simplified flooding equation, using water- 
oil relative permeability data. 


Practical Applications 


On the basis of the theoretical and experimental results dis- 
cussed, it is possible to determine the nature of horizontal, 
linear field floods and to define a procedure for evaluating the 


Vol. 198, 19532 


L. A, RAPOPORT AND W. J. LEAS 


waterflooding susceptibility of a given reservoir material by 
laboratory tests. For materials possessing a pronounced prefer- 
ential wettability, the flooding performance can be predicted 
on the basis of direct experimental tests. In most cases it is 
necessary to perform these tests in a manner such as to ensure 
stabilized flooding behavior. The conditions under which sta- 
bilization is achieved vary from one core material to another 
and cannot be predicted on a theoretical basis. They can, 
however, easily be determined from preliminary runs in which 
the scaling coefficient is gradually increased until the oil recov- 
ery at breakthrough, or at a given water-oil ratio, reaches a 
maximum value. In practice it is not necessary in the prelimi- 
nary runs to determine the complete curve of recovery vs 
throughput for each injection rate. A more expedient proce- 
dure is to start a flood at a low rate until the water-oil ratio 
reaches some pre-assigned value, say 100:1. The rate is then 
increased and it will generally be noted that concurrently the 
flowing water-oil ratio temporarily decreases and subsequently 
returns to 100:1. This procedure is repeated until a further 
increase in rate results in no temporary decrease in the flowing 
water-oil ratio; the rate above which the latter condition exists 
is determined and is used for the calculation of the critical 
value of the scaling coefficient at which stabilized flooding 
behavior is attained. It should be pointed out that the use of 
very high rates may in some instances cause turbulent flow 
which must be avoided. Under such conditions stabilization 
may be obtained by increasing the viscosity of the fluids with- 
out changing their viscosity ratio. 

For materials possessing an insufficiently pronounced wet- 
tability (determined by a comparison of residual oil saturation 
obtained from capillary tests with that obtained from high 
velocity floods) the waterflooding behavior should be deter- 
mined by calculations based on the simplified flooding equation, 
(15), and water-oil relative permeability data. 

The flooding equations and also experimental evidence pre- 
sented in the literature show that the oil-water viscosity ratio 
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Table 2 — Critical Values of Scaling Coefficients 


Scaling 


Connate Water a 
Air Saturation 
Permeability in Per Cent LV ws 2m 

Core Material md Pore Volume sq cm ep/min 
Bur.tesviule Sandstone 285 30.5 0.4 
Weiier Sandstone 211 25 0.8 
Torpedo Sandstone 640 22 oat 
Devonian Limestone 1,863 39.5 Bi) 
QOil-tre.ted Alundum 260 30 1.6 
Gil-treated Alundum* 480, 0 5.0 
Oil-tre.ted Alundum* 480, 30 3.0 
bri-filmed Alundum* 430 0 3.5 


*Materia!s for which detailed data have been presented in Figs. 3 thru 12. 


is one of the most significant parameters in flooding behay- 
ior.’”’* Whereas variations in the oil-water viscosity ratio do not 
affect the ultimate oil recovery in stabilized floods, such vari- 
ations do haye a pronounced effect on the recovery at 
breakthrough and hence on the flooding efficiency, which may 
be defined as the ratio of volume of oil produced per volume 
of water injected. Consequently the same viscosity ratio as 
that encountered in the field must be used in laboratory tests 
for a dependable evaluation of practical operations. 

The presence of connate water can have a marked influence 
on oil recoyery.”” The effect of varying amounts of connate 
water on recoyery has not yet been exactly determined; there- 
fore, it is recommended that the connate water content of a 
reservoir be reproduced in all laboratory tests. 

The following recommendations are made for the perform- 
ance of representative tests for evaluating the waterflooding 
susceptibility of a reservoir. 


1. Reproduce in all tests the connate water content of the field. 


2. In all flooding tests use the oil-water viscosity ratio which 
exists in the field. 


3. By means of preliminary runs, determine the “critical” 
scaling coefficient at which the experimental floods become 
stabilized. 


4. Determine the scaling coefficient for the field under con- 
sideration and verify (on the basis of the above tests) that 
its value is representative of stabilized flooding behavior. 


Compare the ultimate oil recovery obtained in stabilized 
flooding tests (c.f. item 3) to that resulting from capillary 
displacement of oil by water. If the two recoveries are the 
same the relation between oil recovery and cumulative 
water injection obtained in the flooding tests can be applied 
directly to the field. 

If the residual oil saturations by capillary displacement and 
by high velocity or stabilized flooding differ markedly, eval- 
uate the flooding behavior by calculations using the simpli- 
fied equation, (15), and water-oil relative permeability 
data. 

7. If field conditions do not correspond to stabilized flooding 
behavior (c.f. item 4) the value of the scaling coefficient 
applying to the field must be exactly reproduced in Jabora- 
tory floods. Such a procedure, however, is not valid for 
materials where the contact angle varies appreciably witu 
rate. For such materials the precise evaluation of non- 
stabilized floods does not appear to be possible at this time. 


8. To evaluate the flooding behavior of heterogeneous for- 
mations it is necessary to divide the reservoir into a series 
of homogeneous strata to each of which the methods pre- 
sented in this paper are applicable. Predictions of the field 
performance can then be carried out by properly combining 
the results obtained for the separate reservoir strata. 
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TABLE OF NOMENCLATURE 

[Bes —Y¥low rate of oil per unit cross sectional area 
(cm/sec) 

V~. ——Flow rate of water per unit cross sectional 
area (cm/sec) 

k —“pecific permeability (darcys) 

KN —Relative permeabilities to oil and water, re- 
spectively, dimensionless functions of satura- 
tion, fractional) 

—9Qil viscosity (cp) 

Fes — Water viscosity (cp) 

Be — Pressure in the oil phase (atmospheres) 

Ps — Pressure in the water phase (atmospheres) 

x — Distance (cm) 

IP —Capillary pressure, as determined in oil by 


water displacements (atmospheres) 

s — Water saturation (dimensionless fraction) 

f —Porosity (dimensionless fraction ) 

t —Time (seconds) 

V =V,+V,. —Total flow rate per unit cross sectional area = 
rate of injection (cm/sec) 


Chey) ee —Ratio of oil to water viscosities (dimensionless 
fraction) 
F(s)=(1 + K,/cK,,) * — Dimensionless function of saturation 
It — Total length of flooded system (cm) 
X= — Dimensionless space coordinate or relative dis- 
tance (fractional) 
WV Dimensionless time coordinate, or cumulative 
injection in number of pore volumes (frac- 
tional) 
cm’/cm? 
LV —Scealing coefficient (cm centipoises 
cm” 
ED) 
min 
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APPENDIX 
Generalized Form of the Sealing Factor 


The capillary pressure function applying to a given porous 
medium and fluid system may be expressed as 
where Py» represents the threshold cap‘llary pressure, and 
R(s) a dimensionless function of saturation reflecting the pore 
size distribution of the porous medium under consideration. 
Substitution of (A-1) into the flooding and boundary equa- 
tions (13) and (14) yields: 


and 
LV uw dS OX 


In these equations, the dimensionless group, k P+/LVu,, 
may be considered as an extension of the scaling factor, LV u,, 
derived in Equations (13) and (14). Such an interpretation 
implies that the behavior of linear floods should be subject to 
scaling on the basis of length, rate, fluid viscosities and, in 
addition, permeability and threshold pressure. This viewpoint 
furthermore leads to the conclusion that the critical value of 
the product, LVu,, required to reach stabilized flooding behav- 
ior necessarily increases with increasing permeability which is 
qualitatively substantiated by the data in Table 2. 

The use of the dimensionless group, k Pr/LV uu, as a general 
scaling factor may be of interest for purposes of orientation 
or first approximation. However, in most cases, porous media 
corresponding to different permeabilities and/or different 
threshold pressures possess different pore size distribution and 
relative permeability functions. Equations (A-2) and (A-3) as 
well as consideration of the basic properties of multiphase flow 
in porous media clearly indicate that flooding behavior is 
largely governed by the relative permeability, and/or pore 
size distribution functions. Accordingly, the flooding equations 
applying to equal values of the dimensionless group, say 
ky Poy / LV = but to different porous media 
(of permeabilities k, and k., respectively) are most likely to be 
different. The group k P;/LVu,, may therefore be used as a 
“general” scaling factor only in regard to porous media having 
similar relative permeability and capillary pressure charac- 
teristics. 
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ABSTRACT 


An analysis has been made of the factors responsible for 
tilted fluid contacts in petroleum reservoirs. The factors are 
static and dynamic with the former being controlled by those 
variables responsible for the capillary rise of fluids, and the 
latter include rate of formation tilt and hydraulic circulation. 
The explanation that rate of formation tilt may be responsible 
for tilted contacts appears untenable. The role of some of these 
factors in the migration, fractionation, accumulation, and 
possibly the prospecting for oil is indicated. 


INTRODUCTION 


While it is generally considered that the segregation of gas, 
oil, and water in a petroleum reservoir results in approximately 
horizontal planes separating these phases, there are factors 
which modify this simplified picture to a very great extent. 
Some of these factors are static, and the departure of the fluid 
interfaces from horizontal may represent a static equilibrium. 
Some of these factors may be dynamic and the interface posi- 
tions may be non-equilibrium and represent a steady state 
condition. Of course combinations of these two situations may 
also exist. The reasons most commonly given for this behavior 
are hydraulic circulation of fluids, change in character of the 
formation, and a rate of tilt of the formations more rapid 
than the rate at which the fluids may re-establish an equilib- 
rium. Russell’s Principles of Petroleum Geology’ contains an 
extensive discussion of tilted fluid interfaces and their impor- 
tance in the migration and accumulation of petroleum. Russell 
cites examples of tilted water tables at Lance Creek, Wyo.; 
Rock River, Wyo.; Cut Bank, Mont.; Cushing, Okla.; and 
Graham, Okla. Also given was the Wasson Field of West 
Texas which has saucer shaped oil-water and gas-oil interfaces 
with the saucer being deeper in the case of the oil-water 
contact. The Bradford Field in Pennsylvania has a tilted 


water table. San Ardo, Coalinga Nose and some other 


1References given at end of paper. 

Manuscript received in the Petroleum Branch office Sept. 25, 1952. Paper 
presented at the Petroleum Branch Fall Meeting at Los Angeles, Calif., 
Oct, 23-24, 1952. 
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California fields have tilted contacts. A recent paper by King 
Hubbert’ discusses the effect of hydraulic circulation of the 
water underlying the oil in a given stratum and its implications 
in the accumulation of and drilling for the oil. 

The foregoing would indicate that tilted fluid interfaces are 
not uncommon and that it would be of importance to under- 
stand the forces which are responsible. Further, it would be 
of interest to examine certain idealized models of situations 
which may cause tilting with the thought in mind of deriving 
relationships between the important variables. These relation- 
ships may only hold exactly for the models assumed but the 
results may apply semi-quantitatively to actual formations and 
at least indicate trends. The discussion will be divided into the 
effect of static factors and the effect of dynamic factors. 


STATIC FACTORS 


It has already been mentioned that one reason given for 
tilted contacts is a variation in formation properties. Specifi- 
cally this is a change in the pore size of the formation capil- 
laries. If the internal surface of the reservoir is preferentially 
wet by water, capillarity will cause the water to rise to a 
greater extent above the free water table in a small capillary 
than in a large one. Consequently the water-oil contact will be 
higher in the lower permeability sands than in the higher 
permeability sands. The free water table may be defined as the 
position the oil-water interface would take if capillarity were 
absent. Since the phenomenon is the capillary rise of water in 
an oil environment, a derivation of this should give a relation- 
ship between the variables. Fig. 1 is an idealized model of the 
situation with a uniform bore circular capillary substituting for 
the tortuous non-circular formation pore. The upward forces 
on the column of water will be equated to the forces downward 
to give the equilibrium situation. 


2rr o cos 6 + rrhp.g = mrhpyg 
(1) 
forces upward = force downward 


where r is the radius of the capillary in centimeters, ¢ is the 
interfacial tension oil-water in dynes per centimeter, @ is the 
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contact angle measured through the wetting phase (water in 
this case) and between the tangent of the oil-water interface 


at the wall and the wall, fA is the height of rise of the water 


above the free external water surface in centimeters, p, and 
py are the densities of the oil and water respectively in grams 
per cubic centimeter, and g is the gravitational constant (980.6 
dynes). Solving (1) for A gives 


20 cos 0 


rg (Pw 


If the quantities on the right hand side of the equation are 
known, it. is possible to determine the extent of rise of the 
wetting phase above the free wetting phase table. However, 
r, the capillary radius is not known in general but it is possible 
to determine it from displacement pressure experiments. In 
the absence of such data a rough approximation may be used 
which relates the porosity and permeability with an equivalent 
circular capillary. This approach assumes that the pores in 
the sand are circular capillaries and all oriented in the direc- 
tion of flow. 

Let it be assumed that there are n circular capillaries in 
cross section A of the sand. According to Poiseuille’s law the 
rate of flow is 
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r is the radius of each capillary in centimeters, AP is the pres- 
sure difference in dynes per square centimeter across the 
capillary of length, L centimeters and u is the viscosity of the 
flowing fluid in poise. This will be equated to Darcy’s law 


kAAP 


It must be remembered that Darcy’s law has different units 
for AP and u than Poiseuille’s law. A constant to correct for 
the variations will be introduced into the final equation. Com- 
bining (3) and (4) gives 


nor 


5 
(5a) 
5b 
y (5b) 
But n = the fractional porosity or 
(5c) 


Solving for r and introducing the correction factor for the 


units gives 
where Q is the rate of flow in cubic centimeters per second, V7 
Ee 
| 
Lu 
<T 
~ 
= 
| lO lOO 
PERMEABILITY-MDS. 
FIG, 1 FIG. 2 
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where k is the permeability of the sand in millidarcys and f is 
the fractional porosity. If (6) is now substituted in (2) the 
expression is 


dk 7.55 Cos cos 0 
w — Po) 
where / is now in feet. Qualitatively this equation states that 
the height of rise of the water-oil contact above the free water 
table varies directly as the first power of the interfacial tension 
and the cosine of the contact angle, inversely as the first power 
of the differential density of the water and oil, and directly as 
the square root of the ratio of the porosity to the permeability. 


These variables will be examined separately and their possible 
change in a reservoir will be considered. 


(7) 


EFFECT OF PERMEABILITY AND POROSITY 


One of the first variables which comes to mind is that of 
texture as affecting porosity and permeability. Any trend in 
sedimentation during the formation of the reservoir which 
might give a fractionation of the sedimentary particles accord- 
ing to size would produce a progressive change in permeability 
and perhaps a corresponding variation in porosity. Any pro- 
gressive trend of compaction or cementation could produce 
a similar effect. According to Equation (7), if the only vari- 


ables are the porosity and permeability a plot of h vs \/f/k 
should give a straight line. If the fractional porosity is con- 
stant, the following simplified form of the equation may be 
used: 
log h = log const — ie log k (8) 
Plotting h vs k on log —log paper should give a straight line. 
Fig. 2 is such a plot in which o = 20, 6 = 60°, f = 0.20, and 
Ap is equal to 0.15 and 0.10. By noting the change in perme- 
ability along the abscissa, the corresponding change in posi- 
tion of the oil-water contact may be seen. For example with 
a differential density of 0.10, in going from 1,000 to 1 md, the 
water table goes from 10 to 340 ft or a change of 330 ft. With 
formations which trend to silt on the edges, it is possible to 
have a considerable change in the position of the water table. 
The Wasson Field mentioned previously is on an anticline 
and the permeable zone becomes impervious on the edges. This 
would be the condition for saucer shaped fluid interfaces which 
is the actual situation. It should be pointed out that Equation 
(7) holds for the interface between gas and oil also if the 
proper values for ¢, 0, and p are used. 


VARIATIONS IN INTERFACIAL TENSION 


While a wide variation in the interfacial tension between 
the oil and the water may not exist in the average reservoir, 
the possibility of an appreciable variation is real and should 
be considered in the study of tilted water tables. By what 
mechanism may this factor be varied? One possibility is an 
adsorption fractionation of the crude oil by passage through 
the porous media from source bed to reservoir. It is believed 
that this would be especially true if the source bed were close 
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to the reservoir. The enormous internal surface of the perme- 
able formation especially where clays are present, may adsorb 
certain compounds out of the crude as it migrates and change 
its character. It has been theorized that the crude oil in the 
source bed may be quite complex made up of polar com- 
pounds containing nitrogen, sulphur, oxygen, and metals and 
also hydrocarbons of a wide range of molecular weights includ- 
ing aromatics, naphthenes, and paraffins. During the migration 
of the oil, those compounds which are somewhat cationic, 
those which are most polar or most polarizable will be ad- 
sorbed first. For example, compounds containing amine nitro- 
gen such as the porphyrins may act as cations and be adsorbed 
on the clays. A concentration of these materials nearest the 
source bed will give a lower interfacial tension between the 
oil and water than at the point furthest from the source bed 
where the crude would have a minimum of the compounds 
which would give the lower tension values. As a slight digres- 
sion from this discussion, it may be of interest to plot isotension 
lines on a reservoir and correlate with the possible direction 
of migration from the source bed and look for structures along 
this line. Another possible factor in a variation of « would be 
a variation in temperature along the oil-water contact. The 
greater temperature would give a smaller o« and a reduction 
in h. It is also possible that formation water nearest the source 
bed may have dissolved organic compounds such as naphthenic 
acids or their salts which would lower surface and interfacial 
tensions. 


VARIATION IN CONTACT ANGLE 


The contact angle of the fluid interface with the sand surface 
should be considered along with the interfacial tension since 
they are interrelated. The adsorption of the polar and higher 
molecular weight compounds nearest the source bed would 
tend to make the formation less water wet or the contact angle 
would approach 90° or even become greater than 90° or the 
sand would become oil wet. This would give decreasing values 
of cos @ and a corresponding decrease in h. The effect is in 
the same direction as the variation in o and therefore the oil- 
water contact is lowest nearest the source bed. If these were 
the only variables, the down slope of the interface would point 
towards the source bed. If the contact angle went from 60° 
(the value used for Fig. 2) to 75°, the value of h would be cut 
in half. If there were a corresponding reduction in o, h would 
be cut to one-fourth. Referring to Fig. 2 and for Ap = 0.15, 
this reduction of one-fourth in 100 md sand would change h 
from 24 to 6 or about 18 ft change in position of the interface. 
This is not very great and this factor may not be of too great 
importance except when o and cos # approach zero or when 
the formation has a low permeability. In order to obtain the 
contact angle, it would be desirable to run displacement pres- 
sure tests on uncontaminated (?) cores. Without these, 
extracted cores utilizing reservoir fluids from the core well 


should be used. 


VARIATION IN FLUID DENSITY 


The migration of the water and oil through the formations 
may have an effect on the density of these fluids. In the case 
of oil the density will tend to decrease with increase in dis- 
tance with migration. If there is a circulation of meteoric 
waters, dissolved oxygen will increase the density of the oil 
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FIG. 


in the direction of the water source creating a trend similar to 
that caused by adsorption. With water, it is difficult to predict 
since dilution, adsorption, and ion exchange may all take 
place with almost any trend possible. While the change in the 
differential density may not be too important, both the water 
and the oil should be tested. The effect of a variation in the 
differential is given in Fig. 2. The lower the permeability the 
greater is the effect. 


DYNAMIC FACTORS 


The two most important factors under this heading are the 
rate of tilt and its effect on the rate of settling and the effect of 
hydraulic circulation. A third item which may or may not be 
of significance is the possible variation in leakage of gas over 
a reservoir. These factors will be considered separately and 
quantitatively where possible. 


RATE OF TILT 


One very common explanation for tilted contacts found in 
the literature is that the rate of tilt of the formations is more 
rapid than the rate of settling of the interface. The approach 
to be used in this analysis will be to compute some approxi- 
mations of the time required to settle the interface after it 
has been displaced by definite amounts. Fig. 3 is a schematic 
diagram of the model to be used. Consider the circuit between 
the external boundaries and the dotted lines as representing 
the flow path of the fluids which are flowing to re-establish 
equilibrium after the closed formation has been tilted. The 
flow path is indicated by the arrows and the different parts 
of the circuit are numbered around the cycle. This is not 
the true flow pattern which is extremely complex but the 
results of the analysis will give the order of magnitude of the 
time required to attain a new position of the water table in 
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the direction of equilibrium. True equilibrium conditions can- 
not be obtained since the driving potential of the process be- 
comes smaller the closer the approach to equilibrium. Conse- 
quently the rate towards equilibrium becomes slower the closer 
the process is to equilibrium. 

The method to be used in the analysis will be to sum up 
the separate pressure drops (as given by Darcy’s law) in the 
numbered parts of the circuit and equate this to the pressure 
difference caused by the displacement. This is 


Qu, (H —h) Qu h L Qh, (2h.—h) 
k, A k, A k, A k,, A 
(H 2h, + h) 
= .00194 Ap: (h- 
00194 Ap: (h—h.) (9) 


where H is the thickness of the formation, A is the maximum 
depth of water above the bottom of the formation, h, is the 
equilibrium depth of the water above the bottom of the forma- 
tion. L is the length of the reservoir. The other symbols have 
the usual units associated with Darcy’s law. The coefficient of 
the right hand side of the equation converts the pressure term 


dh 
to atmospheres. Since Q/A = fae separating the variables, 
t 


integrating, and simplifying gives 


Ko by h,-h. 

— (2H-2h, + L) +— (2k. +L = 
(QH = 2h. +L) ( 
2.38 ApAt 


j (10) 
The dimensions of the model are now in feet and the time 
is in days. To test the above equation let H = 200 tty van L090 
ft, L = 5,000 ft, wu, = 1, u = 20, k. = .10, k, = 0.10, f = 0.2, 

The time elapsed will then be about 1,670 years. The same 
time would be required to go from h,—h. = 10 to h-h, = 1. 
A tilt of 100 ft in 5,000 ft is certainly reasonable and this will 
drop by 90 ft in 1,670 years or about .65 in. per year on the 
average but it will be much faster than this average initially. 
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Oil producing formations probably do not tilt this rapidly so 
that rate of formation tilt is an unlikely explanation for tilted 
water tables. It is believed that the model gives times for set- 
tling which are too long because of short circuiting of fluids 
from the circuit indicated. This would make this explanation 
for tilting even less tenable. 

Equation (10) may be put in the form 


const, — const, log (h-h.) = At (11) 


On semi-log paper (h—h.) varies linearly with At. Using the 
values given above, Fig. 4 shows (h—h.). the distance away 
from equilibrium as a function of At with (h,—-h.) = 100 ft 
which are the initial conditions. In order to determine the rate 
at which the formations must tilt in order to maintain a cer- 
tain tilt of the oil-water contact, determine a AH/At at a par- 
ticular value of AH. For example what rate of tilting of the 
formation is needed to have the water table tilted 100 ft in 
5,000 ft? The AH/At near AH = 100 is about 0.136 or the 
formation would have to tilt on the average of 1.58 in. per year 
to maintain the 100 in 5,000 water table tilt. For a tilt of 50 
in 5,000 the rate of formation tilt would have to be 0.79 in. 
per year. These rates are too rapid to be a reasonable explana- 
tion of the phenomenon. 


HYDRAULIC CIRCULATION 


The tilting of a water table may be caused by the flow of 
only one of two immiscible fluids in a reservoir in which the 
fluids act as their own differential manometer and the slope is 
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in which the flow is taking place is horizontal. Water is indi- 
cated as flowing to the right, but the same analysis is possible 
if the oil were flowing in the opposite direction with the water 
stationary. Darcy’s law for the flow is 


-kA dP 
dx 


The pressure gradient is related to the tilt by the following 
in consistent units 


Substituting this in (12) with corrections for the mixed units 


gives 
0.487kA Ap 


where Q is in B/D, k in darcys, A in square feet with the 
remaining terms in the usual units. The above equation gives 
the quantity of fluid flowing in terms of the tilt and vice versa. 


(14) 


dh 
It should be noted that ih is a constant for a given Q only, 
x 


if A, the area through which flow takes place, is constant. The 
only time this would be true would be for the bottom of the 
stratum to be parallel to the tilted water table. This represents 
a special case which may not occur. With all other factors con- 
stant the product of A and dh/dt is a constant. 

Since A is a function of X and h, it is necessary to substitute 
for it. For unit width et stratum 


a measure of the potential gradient. Actually the flow of only Ase 4 (15) 
one of the fluids is a special case of the more general one in Correcting (14) to <2. feet per ne 
which both fluids may be flowing either co-currently or counter- 
currently. In this analysis only one of the fluids will be flowing. 0=2.73 kA Ap dh (16) 
The model to be used will be Fig. 5. The bottom of the stratum be dx 
pS 
I500 

Set 

500 

~ 
20 0mm 50. 70 
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Substituting (15) in (16) gives 


73 kh Ap (17) 
Separating the variables and integrating gives 
1.37k 
(18) 


where h, is the distance between the water table and the bot- 
tom of the stratum at the datum point for X. X is a linear 
function of h’ in this case. 

In order to relate the tilt to the velocity of movement of the 
water( the following is introduced: 


Q= (19) 
where U is the linear velocity. Substituting this in (16) gives 
_ 2.73k Ap (20a) 
uf dx 
367 0.367 (20b) 


100 
Let = 
5,000 
k = 100 md = 0.1 darcies 


and U = .0041 ft/day or 1.495 ft/year 


For a 1,000 ft wide reservoir with h = 100 ft this is 14.6 B/D. 
This is a remarkably small quantity of water to give the tilt 
assumed. It must be remembered that (dh/dx) is only constant 
if uw and the other factors are constant. A constant uw requires 
a constant A. If the width of the reservoir is changing and the 
bottom of the reservoir shows a variation in depth, the slope 
of the tilted water table will change. 

The tilt in the water table may be caused by the natural 
movement of the water in the formation but it is not restricted 
to this. The tilt may be induced by the injection or removal 
of either or both of the fluids from or into (or both) the for- 


SOME THEORETICAL CONSIDERATIONS OF TILTED WATER TABLES 


mation. In fact, a tilted interface due to fluid circulation is a 
special case of fluid coning in an approximately linear instead 
of a radial system. 


HYDROCARBON LEAKAGE 


If the cap rock above an oil reservoir does not seal com- 
pletely the formation, there may be an escape of gases from 
the oil which would increase its density locally and create a 
tilt with the water table highest at these points. This is pos- 
sible in an area which was subject to intensive folding and 
faulting. It assumes that the rate of escape of the lighter 
hydrocarbons is more rapid than the diffusional process needed 
to bring the reservoir oil to constant properties. This latter 
process is indeed extremely slow. 


SUMMARY AND CONCLUSIONS 


The foregoing discussion has indicated that both static and 
dynamic factors may be responsible for tilted fluid contacts 
and these must be evaluated in considering the migration accu- 
mulation, drilling and production of petroleum. Approximate 
quantitative relationships have been derived in most cases to 
indicate the interrelationship of the variables. It was found 
that the static factors are interfacial tension, contact angle, 
differential fluid density, and porosity, and permeability. The 
factors other than porosity and permeability (and even these 
to some extent) may be effected by the fluid migration from 
source bed to reservoir. An analysis of these data may be of 
some assistance in determining the direction of the source beds 
and therefore would conceivably be involved in extrapolating 
into new accumulations. The assumption of formation tilting 
being responsible for tilted contacts appears to be unreasonable 
in the light of an analysis made. Hydraulic circulation is 
capable of explaining considerable tilt within a reasonable 
range of variables. 

The concepts outlined here need considerable study espe- 
cially in the light of actual field data. In such studies the data 
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FIG. A 


should be corrected for the static factors and the residuals 
analyzed for the dynamic factors. It is believed that the prob- 
lems are of sufficient importance to be deserving of attention. 


ACKNOWLEDGMENT 


The writer acknowledges with thanks the helpful discussion 
of some of this material with Ray Kidder of the California 
Research Corp. 


REFERENCES 


1. Russell, William L.: Principles of Petroleum Geology, The 
McGraw-Hill Book Co., Inc., (1951). 

2. Hubbert, M. King: “Entrapment of Petroleum Under Hy- 
drodynamic Conditions,” Spring Meeting, 1952, AAPG, Los 
Angeles, Calif. 


Vol. 198, 1953 


PETROLEUM TRANSACTIONS, AIME 


\ 
IMBIBITION, 
(Curve 
~ 
20. 40. 60.80 100% 
Sw 
100 
80}-\Curve IZ 
60 
40 
Curve 
PERMEABILITY— 
TO WATER 
20 
0 20 40 60 80 100% 
Sw 
DISCUSSION 


By Carroll F. Knutson, Continental Oil. Co., Houston, Tex. 

Yuster’s paper is a very interesting summary of some fea- 
tures associated with “tilted water tables.” The paper discusses 
two types of factors causing “tilted water tables,” t.e., static 
factors and dynamic factors. 

It should be pointed out more forcefully that most of the 
static factors result in variations in the height of the transition 
zone and not the water table (free water table). This writer 
further believes that permeability and porosity “per se” have 
no effect on the height of the transition zone above the free 
water table. Instead, it is the size of the interstices that governs 
the rise of the capillary fringe. 

Permeability, as generally used in petroleum engineering, 
is a measure of the ability of a porous medium to transmit a 
fluid. A medium with one flow channel per unit of cross sec- 
tional area would exhibit a much smaller capillary rise than 
a medium with the same permeability which has 50 flow 
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channels per unit of cross sectional area. Similarly, two porous 
media would have the same porosity if the distribution of 
components, shape, and packing were similar. Even though 
these two media had the same porosity, the size distribution 
from 1 m to 1 cm of one system would result in a small capil- 
lary rise compared to the other system with size distribution 
from 1 cm to Imm. 

The discussion of variations in interfacial tension, contact 
angle, and variation in fluid density, as effecting “tilting,” are 
certainly thought-provoking. 

Yuster has dealt somewhat severely with the role of struc- 
tural tilting and residual variation in the height of the transi- 
tion zone or water table. It seems possible that the perme- 
ability to oil and water in various parts of the transition zone, 
combined with the complications caused by capillary action 
in response to drainage, as compared to capillary pressure 
curves in a reseryoir that has been tilted, could result in a 
considerable residual anomaly. (See Fig. A). 

We certainly agree with Yuster’s conclusion that the factors 
outlined in his paper are sufficiently important to be deserving 
of attention, and need considerable study. This is especially 
true when one considers that the factors effecting the tilting of 
water tables and the variations in the height of transition 
zones are the same factors effecting the migration and accu- 
mulation of oil. 


AUTHOR’S REPLY TO MR. KNUTSON 


It is apparent from Knutson’s discussion that several points 
were not made clear in the paper. It should be emphasized 
again that an idealized model of a porous medium consisting 
of uniform circular capillaries was assumed. Under such cir- 
cumstance there would be no transition zone in the reservoir. 
However, this assumption does not invalidate the generalized 
conclusions which were drawn regarding the effect of the 
static factors. The position of the actual water table represents 
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the maximum height at which 100 per cent water saturation 
is found along a given vertical line passing through the reser- 
voir. The difference in elevation between this maximum position 
and the free water table (the position of the water table if 
capillary forces were absent) is given by Equation (2) Rta 
circular pore size distribution is assumed or if non-circular 
capillaries are postulated then 7 in this equation would be the 
maximum size capillary or the equivalent of the largest portion 
of the largest capillary respectively. These latter two possibili- 
ties would both give transition zones, the shape of which would 
be controlled by the static factors, but in the same proportion 
as the shift in position of the water table, since these factors 
determine the proportionality constant relating A and r in 
Equation (2). Therefore the writer does not agree with Knut- 
son’s statement that “. . . the static factors result in variations 
in the height of the transition zone and not the water table.” 

With respect to Knutson’s comments regarding the role of 
porosity and permeability, Equation (2) indicates that the 
pore size is the important factor. As is mentioned in the paper 
the pore size is usually unknown and therefore an approxima- 
tion involving both porosity and permeability is resorted to. 
For uniform textured porous media in which the pores are 
intergranular, the relationship between the variables appears 
reasonable although the proportionality constant may be some- 
what in error. However, this would not invalidate the trends 
noted. If the porous medium contains an appreciable number 
of fissures, solution channels, etc., the above mentioned approx- 
imation for the pore size would not be valid. 

Knutson is correct in pointing out that the presence of a 
transition zone would retard the rate of establishment of an 
equilibrium position for the water table if the formations were 
tilting. In view of the extremely low possible rate for the 
latter, it is rather doubtful that the steady state position of 
the water table would be too far from equilibrium under aver- 
age conditions. However, with very low permeability formations 
and very high viscosity crude oils, Equation (10) would predict 
a very slow rate towards the establishment of equilibrium so 
that a tilted oil-water contact might exist under such conditions 
if the rate of formation tilt were sufficiently great. * * * 
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WATERFLOODING IN NORTH GOVERNMENT WELLS 
FIELD, DUVAL COUNTY, TEXAS 


D. M. COLLINGWOOD AND R. J. BETHANCOURT, MEMBERS AIME, SUN OIL CO., DALLAS, TEXAS 


ABSTRACT 


The use of a pilot waterflood is very desirable where all of 
the pertinent data necessary to initiate a full scale waterflood 
are not available. This paper attempts to take a specific case 
and show the step by step process of starting with a pilot 
waterflood and progressing to a full scale flood as results are 
obtained. 


INTRODUCTION 


Many of the older fields of Southwest Texas are approach- 
ing depletion by primary production methods. As primary pro- 
ducing operations on individual properties approach their 
economic limit, conflicting considerations face management: 
on the one hand, plugging and abandonment of wells for equip- 
ment salvage; on the other hand, further investment in sec- 
ondary recovery installations, equipment, and well workovers 
in the interests of conservation and additional oil reserves. 

In many instances, where primary production by pressure 
depletion and gas solution drive has been comparatively good, 
there still exists the possibility of an economic secondary 
recovery by waterflood. This is not necessarily true to the 
same degree of all such fields, nor all portions of large fields. 


To properly evaluate the economics of a prospective water- 
flood requires a considerable amount of precise geological, 
statistical, and physical data. Such information on the older 
fields is often very limited, and in the case of the property 
discussed in this paper was considered inadequate to justify 
investment in an overall waterflood. Primary production was 
estimated at 39 per cent of the original oil in place, yet sand 
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conditions of permeability and homogeneity, and position in 
the field appeared to be favorable for a limited margin of 
profit from a carefully controlled waterflood. 

Thus a pilot waterflood, with its minimum initial financial 
risk, followed by extension as favorable results were obtained, 
seemed to be the answer for the Sun Oil Co.’s L. Wiederkehr 
lease in the North Government Wells Field, Duval County, 
Texas. 


DESCRIPTION OF RESERVOIR 


Approximately 8,200 wells have been drilled in Duval 
County. As of March 1, 1952, there were 3,350 producing oil 
wells in 92 different fields, with very few flowing wells. 
(Fig. 1.) 

Sun Oil Co. operates the L. Wiederkehr lease located in 
the North Government Wells Field in Duval County, 85 miles 
west of Corpus Christi and 100 miles south of San Antonio. 
The lease has been subjected in part to a controlled five spot 
waterflood. 

The North Government Wells Field is roughly 7 miles long 
and 3 miles wide, with numerous overlapping producing zones. 

The L. Wiederkehr lease of 3,085 acres, has seven producing 
zones from 700 to 7,500 ft. The lease is in the northern section 
of the field where it is widest, and has 710 acres productive 
from the North Government Wells sand. (Fig. 2.) 

The North Government Wells sand, Jackson group, Eocene 
age, at an average depth of 2,250 ft (minus 1,750 subsea), 
has a thickness range of 25 ft on the east side of the L. 
Wiederkehr lease to 4 ft on the west side. It has a slight 
overall dip to the North and East of some 33 ft to the mile. 
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The North Government Wells sand is a gas solution, fluid 
expansion type reservoir. It has the greatest areal extent of the 
producing horizons in the field. It has a limited water drive 
coming into the field from the Northeast, East and Southeast, 
down dip directions. 


The porosity averages about 26 per cent with a high per- 
meability. Connate water is estimated at 30 per cent. The 
original BHP was 850 psi at datum of —1,750 ft. GOR’s 
ranged from 50 to 5,000/1 in the early days of the field, and 
averaged about 200/1 with a 26° gravity oil. 


DRILLING AND PRODUCTION HISTORY 


By March 1935, 416 producing wells had been drilled; 
nearly all of these were open hole completions with the 7-in. 
casing set 10 ft above the sand and cemented. A loose 51% in. 
liner consisting of two joints of pipe was then set. Later, in 
many cases, the 51% in. liner was pulled and the hole cleaned 
out, scratched and gravel packed, and the liner driven to 
bottom. 


There was an uneven gas cap in the field caused by exces- 
sive withdrawals from some wells in order to draw in more 
oil. The attempts of some of the companies and of the Rail- 
road Commission to conserve the reservoir energy were of no 
avail, and the reservoir pressure quickly dropped to the 
vanishing point. 

In 1947, the reservoir energy had been dissipated to such an 
extent that some of the wells on the high side of the Wieder- 
kehr lease had standing fluid levels only 4 ft to 12 ft from the 
bottom of the hole. The highest static fluid level was approxi- 
mately 60 ft from the bottom of the well. Fortunately, the 
permeability was so high that a 12 ft fluid level would produce 
10 to 12 B/D of oil. Raising the pump 6 ft, under those con- 
ditions, could cut the production in half. 

Meanwhile, the productivity had fallen to such an extent 
that there were very few of the wells making the full allow- 
able of 34 B/D. Some of the wells to the north and east were 
producing as much as 300 B/D of water when they were aban- 
doned. None of the Wiederkehr wells produced more than 
4 B/D of water. A chloride content of 7,500 ppm was normal 
for the field. 

In October of 1940 gas injection was started in the L. Wie- 
derkehr No. 13 in an attempt to increase production. This 
continued for six weeks with a total injection of 644,000 cu ft 
of gas when the surrounding wells gave evidence of channel- 
ing with a very moderate increase in oil production. The injec- 
tion well and the high-ratio producing wells were then shut-in. 

From November 1940 through March of 1941 approximately 
15 Mcf/D of gas was injected in No. 57 without appreciable 
results. The injection was discontinued because of the failure 
of the gas supply well. 

Since January, 1949, The Texas Co. has been injecting 
water in one well, with good results, on the four-well W. C. 
Riggs lease, 24% miles south of the Wiederkehr. The water 
used for injection is produced from their J. D. Freer lease. 

The Texas Co. has also been injecting gas in the Duval 
Cattle Co. lease just north of the Wiederkehr. Injection started 
in Well No. 8 at a rate of 35 Mcf/D in September of 1947. 
Because there were no apparent results, the injection was 
stopped in November of 1950. Oil production fell off sharply 
for three months before injection was resumed. 

Shell. Humble and The Texas Co. report several successful 
gas floods in nearby fields. Magnolia is also flooding the Piedre 
Lumbre Field about 3 miles to the north with Government 
Wells sand water produced on their Duval Cattle Co. lease in 
the North Government Wells Field. 
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The Hammon-Humble high pressure line drive flood of the 
Hoffman Field, Daugherty sand, south of Freer, is also show- 
ing good results both as to oil recovery and ability to keep 
the wells flowing. 


EXECUTION OF THE WATER FLOOD 


Under normal conditions it is necessary that certain items 
of information be on hand before attempting to make a recom- 
mendation to the management for a waterflood. Primarily they 
are: (1) Permeability, (2) porosity, (3) Compatibility of 
flood water, (4) Voidage to be filled, (5) Residual oil still in 
place, (6) Per cent of residual oil in place that can be recov- 
ered, (7) Reaction or cooperation of offset operators in extend- 
ing the pilot waterflood, and (8) Availability of suitable water. 

Information at hand was far short of normal requirements. 
It was felt that at least four wells would have to be drilled at 
a total estimated cost of $60,000 to $80,000 to obtain an aver- 
age applicable answer to the first six items. Other companies 
would want the information before agreeing to any type of 
co-operative program. 

After considering the cost to obtain the information, it was 
agreed to permit a pilot test flood in an area that had reached 
its abandonment stage by ordinary primary recovery methods. 

The area allocated for this pilot test consisted of 19 wells, 
with seven wells pumping and producing approximately 18 
B/D of oil into one battery with one central power. This was 
also the area in which the gas flood had been attempted 
without success because of the failure of the gas well. 

The conclusion was reached to attempt the pilot flood with- 
out obtaining all of the desirable data. It was estimated that 
an expenditure of less than $60,000 would prove or disprove 
the waterflooding operation by pilot test. If it were a failure, 
an area of little or no value would have been hurt. 

Salt water was known to be available from the Cole sand 
series which covers a very large area in Southwest Texas, and 
occurs on the Wiederkehr at a depth of 1,500 to 1,700 ft. 


The Cole sand zone consists of thin lenticular sands in its 
upper portion and usually has several lower sand bodies with 
thicknesses from 20 to 50 ft, separated by shale intervals. 

Oil is sometimes found in the extreme top of the two upper 
lenses where the Cole sand is developed abnormally high in 
the section. 

All of the Cole sand wells produce large quantities of both 
sand and water, with a chloride content of 9,500 ppm. If the 
sand produced with the fluid can be handled, the water pro- 
duction is limited only by the capacity and type of pump. The 
working fluid level will stand from 300 ft to 360 ft from the 
top in a well that is producing 1,200 B/D. The static fluid 
level is some 60 ft higher. 

The first plan was to make a dual water supply and injec- 
tion well. Theoretically, this would permit the water from the 
Cole sand to flow into the North Government Wells sand at a 
measured and controlled rate. It would also prevent the con- 
version of existing wells to strictly water supply well functions. 

L. Wiederkehr No. 14 was selected for this purpose, but. 
because of the sand production, the attempt had to be aban- 
doned as it plugged the down-the-hole choke and meter. Con- 
solidation of the sand with plastic failed to give relief. 

A second attempt to dual was also made with L. Wiederkehr 
No. 66. A lower Cole sand was perforated and consolidation 
attempted before any sand or water was produced. This also 
failed, and the idea of dual completions, combining injection 
and water supply functions in the same well was abandoned. 
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This meant that conversion of wells for water supply would be 
necessary with the maintenance of a closed injection system. 

The injection wells were converted by pulling the tubing 
and rods. A half joint of tubing was then rerun to act as a 
separator so that the gas entrained in the supply water could 
be bled off. This left the wells with approximately 2,250 ft of 
7-in. casing and two joints of 514-in. perforated liner. Reme- 
dial work could be done if the well failed to take the desired 
amount of water. 


Water injection was started on March 7, 1948, in the First 
Section consisting of 100 acres, five injection wells, two supply 
wells, seven production wells, and two standing production 
wells. This is a very irregularly shaped section caused by the 
location of the two supply wells and one well, producing from 
the Yegua sand, which could not be utilized in the flood 
pattern. 


This irregular pattern failed to completely inclose a produc- 
ing well, and only three producing wells had a three-way push. 

As the producing wells in the flood were connected into one 
battery, the total of the individual well tests could be accu- 
rately checked against the total monthly production. 

The effect of the flood was first noticed in L. Wiederkehr 
No. 65 in November, 1949. A total of 483,112 bbl of water had 
been injected in 20 months at a rate of 20 B/D per foot of 
sand. The floodable pore space was estimated to be 34.8 per 
cent filled with injected water at that time. 


Water injection was started in the Second Section on Sept. 
1, 1950. This section consisted of 80 acres and added four in- 
jection wells, three production wells, and one standing produc- 
tion well. A four-way pattern was thus closed on two wells, 


No. 64 and No. 67 in the First Section. 


The production from the three wells could not be checked 
against the battery totals, because the production was going 
into batteries with other wells and individual well tests had to 
be relied upon. 

The first increase was noted in July of 1951, a lapse of 11 
months. L. Wiederkehr No. 56, with a two-way push, increased 
from 4 B/D to 6.50 B/D of oil, after an injection of 319,526 
bbl of water into the Second Section and an estimated fill-up 
of 22.4 per cent of the floodable reservoir pore space. 

When the reaction to the Second Section of the flood became 
evident, permission was secured to drill well No. 93 for infor- 
mation in the heart of the Third Section. 

The results of the breakdown pressure on the injection wells 
described later in this article made it seem necessary that the 
7-in. casing be set and cemented above the North Government 
Wells sand and the rotary tools moved off and the well cored 
with cable tools. 

A chip core method was selected and field and laboratory 
service was provided by a service company. Chip coring in the 
soft sand and shale formations of the Gulf Coast had not pre- 
viously been attempted as far as was known. There was no 
assurance that satisfactory samples could be obtained; how- 
ever, in this case the results justified the attempt. 

This method entails the use of a heavy bailer with 11-in. 
saw teeth on the bottom to make hole and pick up the cores 
that range in size from 14 in. to 2 in. The core chips are 
cleaned at the wellsite and sealed with a few drops of methane 
in a glass jar to prevent them from bleeding and oxidizing. 

Obviously the laboratory analysis of such small cores was 
the most difficult part of the job, and the accuracy of the 
analysis constituted a major factor. It is believed that labora- 
tory data can be obtained from chip cores and that it fur- 
nishes unique and valuable information for calculating water- 
flood recoveries from depleted reservoirs. 

Cole sand water was first used as a coring fluid, but the 
sloughing shale made it necessary to change to formation oil, 
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and the job was successfully completed without further 
trouble. 


The well had 12 ft of oil standing in the hole and produced 
at the rate of 4 B/D. An old well, No. 43, 100 ft away, 
standing with 6 ft of oil in the hole was unable to produce. 


The results of the analysis indicated 6.3 ft of unusually good 
pay sand with a 31.1 per cent porosity and a gas permeability 
of 800 to 240 md and a brine permeability of 176 to 53 md. 
A recovery of 3,400 bbl of oil per acre was indicated by a 
properly conducted waterflood, despite the fact that this test 
was made only 100 ft away from a well that could no longer 
produce primary oil. 

As a consequence, plans were changed and the old well, 
No. 43, was converted to a water supply and the new well, 
No. 93, permitted to produce. 

The Third Section of 120 acres started injection on Oct. 6, 
1951. The section consisted of one supply well, six injection 
wells, and 10 production wells. 

The section was designed to take in all of the remaining 
area on the lease and still leave two producing wells between 
the injection wells and the lease line. 


This extension and the controlled injection rate are de- 
signed to balance the flood in the first two sections and meet 
the natural water drive at or near lease lines when it appears. 

Here again the results are dependent upon individual well 
tests, as this section is producing into two batteries with other 
wells. 

The first increase in the Third Section was noted in May of 
1952. A total of 394,599 bbl of water had been injected in 
seyen months and 23.3 per cent of the floodable reservoir pore 


space had been filled. 


It is interesting to note that as the flood was extended to 
better portions of the lease the effects of the flood were much 
more rapid. Waiting time dropped from 20 months to 11 
months to seven months. (Fig. 3.) 


Since the preparation of the original manuscript, a fourth 
section of 120 acres was added in October, 1952 to the water- 
flood as a Northern extension in cooperation with the Texas 
Co. across common lease lines. 


EQUIPMENT FOR WATER SUPPLY SYSTEM 


The supply wells are equipped with 22 hp units with 44-in. 
or 54-in. strokes. Nine hundred ft of 4-in. line pipe is used 
for tubing with a 334-in. working barrel, with 7-in. rods and 
a stainless steel polished rod. A closed water supply system 
is maintained. 


As the supply wells make a small amount of gas, a 12-in. by 
20-ft surge chamber, designed in such a manner as to take 
advantage of a gas cushion, is used to eliminate hydraulic 
hammer so that a 2-in. flow line can be used to connect to 
the system. 

A gas and sand trap made of a 4-ft by 12-ft junk separator 
was provided for each supply well. The water enters near the 
bottom and rises and exits near the top. At 1,200 B/D of water 
the velocity will be 0.37 ft per minute. A continuous gas-water 
level is maintained by a Fisher-Governor steam type vent trap. 
Sand is periodically drained from the bottom of the vessel. 
The supply wells on occasion have pumped as high as 3 cu yd 
of sand in four hours when the wells were sloughing. 

Each supply well has a 114-in. meter down stream from the 
sand trap. The water injection wellheaders and meters are 
grouped in three clusters for convenience. Each injection well 
has an individual meter of 5£-in., 34-in., or l-in, size, depend- 
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ing on the amount of water injected. The water to each well 
is controlled by pinching a 1-in. plug valve downstream from 
the meters. 

The three headers are connected by a 3-in. cement asbestos 
line. The pumpers regulate the speed of the supply well units 
and the input into each injection well so that 20 to 40 psi is 
carried on the system on lines at all times to exclude air. 


OPERATING PROBLEMS AND THEIR SOLUTION 


In some of the wells the 7-in. casing was set high, expos- 
ing some shale to the action of the injected water. The shale 
has a tendency to erode or slough off, plugging the sand below. 

Four such affected wells responded very favorably to the 
formation being broken down with pump pressure. The tanks 
on the service truck would be filled to capacity and the salt 
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water pumped at a maximum rate of 4 or 5 bbl per minute 
into the well. Sometimes. momentary pressures of 200 psi 
would be built up. After the break, the well would pull a 
vacuum on the pump. These wells have continued to take all 
of the required water with a well-head vacuum. 

One well failed to respond to the breakdown. This was L. 
Wiederkehr No. 71, which had several feet of shale exposed 
above the sand (Fig. 4). The liner was pulled and it was 
found that shale was falling in and continued to fall in as long 
as the well was kept full of water. After several days’ bailing, 
the water was kept out of the well and the tools were able to 
clean out to bottom. 

The well was then acidized with 500 gal mud acid with a 
jet made out of a 24%-in. hydraulic bull plug, perforated with 
eight %¢-in. holes. The acid was spread over the 12 ft of sand 
by raising the tubing during the hydraulicking operation of 
the jet. The well was then bailed and gravel packed. 

The gravel packing consisted of dumping 15 ft of 4-in. to 
14-in. gravel in the well followed by 6 ft of washed sand, and 
then filling with gravel to the casing seat. The washed sand 
was placed against the shale to hold it in place and keep it 
from plugging the injection sand. 

A 4%-in. OD liner, slashed with hacksaw blades on the 
bottom 10 ft, was driven into the gravel to bottom. The liner 
was sealed at the top with a 41%-in. by 7-in. casing cup to 
force the water to go into the liner and thence into the sand. 
This well continues to take water on a vacuum. 

Corrosion presents another problem in the supply wells and 
distribution system, and eventually in the producing wells. 

This has been controlled by the addition of Rosine Amine D 
Acetate, commonly referred to as RADA-1110A, a corrosion 
inhibitor and wetting agent with an alcohol base. 

The RADA is lubricated down the casing and washed to 
bottom by circulating about 10 bbl of produced water per day 
in each well. Tests with coupons have shown 85 per cent inhi- 
bition. Actual experience indicates that rod and tubing jobs 
due to corrosion are almost eliminated. Changes in the down- 
the-hole equipment can be made during times when rods and 
tubing are pulled for normal mechanical pump replacements. 

As this is a very old production area, the average length of 
service of the pumpers is very high. In fact, one relief pumper 
on the lease has more than 20 years’ seniority. These experi- 
enced pumpers were somewhat skeptical of the waterflood 
method, but they showed enthusiasm and initiative for the job 
as results of the flood were proven. 


RESULTS AND CONCLUSIONS 


Fig. 5 shows the results of the waterflood to Jan. 1, 1953. 
The figures are all based on monthly averages. 


A careful cost record has been kept in the field for all of 
the costs pertaining to well conversion and operating costs of 
the water system. This includes the drilling of the information 
well and the costs of the two attempts to make dual water 
supply and injection wells. 

These costs do not include lease lifting costs or any super- 
vision. The supervision cost and the pumper’s cost for the 
lease have remained almost constant. The actual service cost 
per barrel of the producing wells has decreased because of 
increased fluid production and a smaller number of wells. 

The total cost to Jan. 1, 1953 is $69,651.00 or a cost per bar- 
rel of injected water of $0.024. As the First Section alone can 
positively identify the extra oil produced from secondary 
recovery, we find that this section has produced 53.209 extra 
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bbl of oil to date. However, by interpolating the oil produc- 
tion chart, we have estimated that the total water-flood has 
produced an extra 151,300 bbl of oil on the lease up to that 
time. 

Higher production of oil per day per well is not obtained 
because the fluid level in the reservoir has deliberately not 
been built up to more than 40 ft from bottom in any of the 
producing wells. 

The results of this flood to date indicate that greater water- 
flood efficiency would have been obtained if water injection 
had been started simultaneously in all of the wells and with 
as many five-spot patterns as the lease lines would permit. The 
maximum lease coverage and efficiency to be thus obtained 
would have involved cooperation of offset operators with cross- 
line flooding agreements, which unfortunately was unobtain- 
able in this instance. However, a larger portion of the lease 
could have been simultaneously put under waterflood without 
affecting offset properties. 

Under conditions in this old field, sufficient data were lack- 
ing to justify accurate estimates of original oil in place, per- 
centage of primary recovery, residual oil in place, and oil 
recoverable by waterflood, etc. The pilot-flood approach system, 
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with gradual extension of the flood, was preferred. Probably 
many old properties, which are nearly depleted by primary 
production methods, are in the same category. 

By the pilot-flood approach system the project can be 
launched with a minimum of financial risk. If initial financial 
risk is limited, technological recommendations to management 
may be justified, even when they must be based largely on 
opinion, plus knowledge of and experience with similar floods. 

As success is demonstrated, there is then every justification 
for some further investment, including the obtaining of addi- 
tional data. With additional data, technical recommendations 
and estimates can rapidly become more accurate. Acceleration 
of the flood, which usually promotes greater efficiency, should 
follow with equal rapidity.* 
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USE OF THE AUTOMATIC FREE PISTON IN 
OIL WELL PRODUCTION PROBLEMS 


E. D. McMURRY, GARRETT OIL TOOLS, INC., HOUSTON, TEXAS 


INTRODUCTION 


Before discussing the use of the free piston, it may be well 
to explain briefly the type of gas lift valves with which the 
tool is designed to function. 

The gas lift valve is nothing more or less than a small back 
pressure regulator. Its construction consists of an outer hous- 
ing covering a seamless metallic bellows in such a way as to 
form a sealed pressure vessel or pressure dome. To the bel- 
lows is attached a stem, and to this stem is attached a seating 
member. When the valve is run into the hole, a pre-determined 
pressure charge is placed in the pressure dome. As shown in 
Fig. 1, the valve is furnished in four different major assem- 
blies, to accomplish good results in different types of wells. 

The valve is mounted on a pup joint (Fig. 2-a); the com- 
plete assembly is entered into the tubing string at the desired 
location. Each valve is furnished with a reverse flow check 
valve (Fig. 2-b) to eliminate any back wash through the mech- 
anism. Valve action is as follows: 

At any time the casing pressure is allowed to exceed the 
pressure forces within the pressure dome of the valve, the valve 
simply opens and passes gas from the casing annulus into the 
tubing. When the casing pressure forces are allowed to bleed 
to a force less than the pressure force within the dome of the 
valve, the valve closes. 

With this type of construction, it is possible to open and 
close the valve or valves at will from the surface, through the 
medium of the gas pressure in the casing annulus. The cycle 
of operation is governed by a time cycle motor valve, com- 
monly referred to as a gas lift intermitter or gas life surface 
controller (Fig. 3). In actual practice, after the well is un- 
loaded only one valve is in operation... all other valves remain 
in the closed position. On pre-determined time cycles, it is 
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possible to open and close this operating valve at will, and 
to pass the desired amount of gas through this valve when- 
ever needed. 

This method of gas lift is widely used and has been found 
to be very efficient. However, it has long been known that even 
greater efficiency would be obtained if it were possible to 
place a piston between the injected gas and the fluid head. 
The free piston which will be discussed here was designed to 
accomplish this end, and has been found to do so with very 
satisfactory results. 


DESIGN AND OPERATION OF THE FREE PISTON 


Basically, the free piston consists of a telescoping assembly 
in which are incorporated the various control and operating 
parts (Fig. 4-a). A set of sleeve valves which are opened and 
closed by movement of the telescoping section is contained in 
the tool. A cross section of the free piston is shown in Fig. 4-b. 

The main body contains a seamless monel bellows of the 
same type as that generally used in pressure charged gas lift 
valves (Fig. 4-c), and a valve core to permit placing a pres- 
sure charge in the bellows before the free piston is placed in 
service. The bellows is the main control unit of the free piston 
and performs two functions: 

1. It governs the opening and closing of the sleeve valves, as 
dictated by the producing activities of the well in which 
the piston is operating. 

2. In its normal position, it holds a rubber packer in an 
elongated position to permit passage of fluid between the 
packer and the tubing walls. 

The lower section of the free piston contains a hydraulic 
shock absorber which cushions the return of the tool to its 
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lowermost position in the tubing, after it has made a trip to 
the surface. 

The rubber packer which serves as the sealing member of 
the free piston is of a distinctive new type (Fig. 5-a). The 
exterior surface, rather than being smooth, has a molded 
“waffle” pattern, with depressions approximately one-quarter 
in. deep. This patented design provides extreme flexibility, 
permitting the packer to expand readily under a very low 
pressure differential and to effect a positive fluid seal inside 
slightly large or out-of-round tubing without sacrificing the 
bulk necessary for long service and durability (Fig. 5-b). The 
packer has molded in metal ends for easy replacement when 
necessary. 

A steel burring tool (Fig. 5-c) designed to be used on the 
free piston for the first few days in order to condition the 
tubing, interchanges with the rubber packer. 


FIG. 1 FIG, 2-b 
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FIG. 3 


Surface equipment consists of an especially designed flow 
tee and lubricator, which are installed above the master valve 
of the Christmas tree. The flow tee (Fig. 6) contains a side 
outlet for connection to the flow line, and an automatic 
“catcher” which may be set to retain the free piston in the 
lubricator whenever this is desired. A gauge connection is 
also supplied on the flow tee. 


The lubricator (Fig. 6) makes up into the upper end of the 
flow tee, with an O-Ring providing the seal. Handles are pro- 
vided on the lubricator to permit removal and replacement 
without wrenches. A hydraulic shock absorber in the lubri- 
cator prevents severe impact as the free piston reaches the sur- 
face. A bleed valve is provided, to permit bleeding pressure 
from the lubricator when the free piston has been. retained 
therein for inspection. 


In connection with the arrangement of surface equipment, 
it should be emphasized that a round-opening, through-conduit 
type of master valye must be used on the Christmas tree. This 
valve, and all fittings below and above it, should have the 
same inside diameter as the tubing in the well. If these pre- 
cautions are taken, no damage will ever result as the free pis- 
ton passes through the Christmas tree into the lubricator. 


OPERATION OF THE FREE PISTON IN A TYPI- 
CAL INTERMITTENT-FLOW GAS LIFT WELL 


Prior to the time the free piston is installed, the tubing 
string should be gauged to assure that the tool will travel 
freely, A 1% in. OD by 2 ft gauge should be used inside 2 in. 
tubing; a 2%6 in. by 2 ft gauge inside 214 in. tubing. As pre- 
viously mentioned, the steel burring tool should be used on 
the free piston, in place of the rubber packer, for the first few 
days in order to remove all burrs, scale, paraffin, etc. Assum- 
ing that these measures have been taken, we will discuss the 
operation of the free piston in a typical well being produced 
with intermittent-flow gas lift valves. 
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As shown in Fig. 7-a, the free piston rests upon a “stop” 
(normally wire line retrievable) set inside the tubing just 
above the lowermost or operating gas lift valve. The bellows 
in the free piston has been previously pressure charged in 
conformance with the producing characteristics of the well. 
with which the surface controller that regulates injection gas 
is also coordinated. 

Until a pre-determined head of fluid accumulates in the 
tubing above the free piston, the pressure-charged bellows 
holds the sleeve valves in “open” position and keeps the rubber 
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FIG. 4-c 
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packer elongated so that it does not seal off inside the tubing. 
This allows fluid to flow freely through and around the free 
piston. 

When the hydrostatic head of the fluid above the piston is 
sufficient to overcome the pressure charge in the bellows (this 
head having been predetermined prior to installation of the 
free piston, and the bellows having been pressure charged 
accordingly), the bellows compresses and in so doing closes 
the slide valves in the piston. This action also releases the 
lower end of the packer, so that it is now free to expand. 


FIG. 5-c 


FIG, 6 


FIG. 7-c 
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Timed with this build-up of fluid, the surface controller opens 
and admits injection gas to the operating gas lift valve. This 
valve opens, admitting gas into the tubing below the free 
piston. This starts the piston toward the surface, and the dead 
weight load of the piston itself creates sufficient pressure dif- 
ferential to cause the rubber packer to expand and seal off 
beneath the fluid. Only 2.5 psi differential pressure is required 
to seal the packer. Since the pressure differential is slight, the 
rubber packer gives exceptionally long life. Fig. 7-b illustrates 
the free piston as it moves toward the surface, with nothing but 
fluid above it and gas below. There is no slippage of fluid, and 
little if any co-mingling of gas and fluid. 

At the surface, the free piston enters the lubricator (Fig. 
7-c), while the fluid enters the flow line through the outlet on 
the flow tee. The surface controller is timed to stop injecting 
gas as quickly as the minimum necessary volume has been 
placed in the tubing. This occurs before the free piston reaches 
the surface. With gas injection stopped, the free piston remains 
in the lubricator until tubing pressure bleeds down below the 
pressure charge in the bellows. As this bleed down occurs, the 
bellows returns to normal position, opening the sleeve valves 
and returning the rubber packer to its original position in. the 
tubing stop. As mentioned before, the return of the piston is 
cushioned by the hydraulic shock absorber in the lower end 
of the tool. 

From the above, it can be seen that the free piston is en- 
tirely automatic in operation. With the bellows charged to a 
pressure in accordance with the fluid head to be lifted on each 
cycle, and with the surface controller timed to inject lifting 
gas whenever this pre-determined head is in the tubing, the 
piston lifts a known and constant volume on each trip to the 
surface. After each head is produced, the piston returns to 
bottom to await the next producing cycle. 


TYPES OF WELLS IN WHICH THE FREE PISTON 
IS APPLICABLE 


Three years of extensive field testing has indicated that the 
free piston may eventually be used in both flowing and gas 
lift wells. However, further development is necessary before 
the tool can be recommended for all types of flowing wells. 
Therefore, we shall concern ourselves at present with gas lift 
wells and those flowing wells that can be produced by the 
“stop-cock” method. 

Fig. 8-a illustrates the conventional and widely used “closed 
system” gas lift, with the tubing used as the accumulation 
chamber. The “stop” for the free piston is set immediately 
above the operating valve. This valve opens at intervals regu- 
lated by the surface controller and admits gas into the tubing 
to lift the fluid that has accumulated therein. In this applica- 
tion, all fluid is above the free piston before each lifting cycle 
is begun. 

Fig. 8-b illustrates a “chamber” gas lift installation, with 
the accumulation chamber formed by two packers inside the 
casing. An insert-type chamber can be substituted for the dual 
packer chamber if desired. Here, the fluid that is lifted at each 
head actually accumulates below the free piston. However, 
injection gas is also introduced into the chamber area, so that 
the fluid is U-tubed into the tubing above the free piston be- 
fore the trip to the surface is started. In installations of this 
type, it is simply a matter of charging the bellows in the free 
piston to a pressure high enough to allow all of the fluid in 
the chamber to be transferred into the tubing before the free 
piston starts toward the surface. 

Fig. 8-c illustrates the free piston used in a combination 
flowing and gas lift well. This installation is used in those 
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wells which tend to flow naturally, yet which still require a 
little assistance. Here, a high-to-low stop-cock, which opens on 
a pre-determined high casing pressure and closes on a pre- 
determined low, is used to control the flow cycles. As the 
combination of formation pressure and injection gas pressure 
reaches a required high, the stop-cock opens and the accumu- 
lated gas in the casing annulus lifts the fluid to the surface. 
Upon the required bleed-down of pressure, the stop-cock 
closes, the free piston returns to its stop and the system re- 
mains shut in until the next producing cycle. Since outside 
gas is required, it is beneficial to install gas lift valves in 
order that lower kick-off pressures may be used. 

Fig. 8-d shows the free piston used to advantage in flowing 
wells with relatively high formation pressures, but which tend 
to load up and cease flowing. This type of installation also 
provides excellent results in certain types of high ratio wells. 
As shown, the casing annulus is used as a reservoir for forma- 
tion gas, with flow cycles controlled by a stop cock on the 
flow line. This method of production utilizes all of the energy 
in the formation gas, and assures that a solid head of fluid 
will be produced at each cycle. For all practical purposes, gas 
cutting is entirely eliminated. The installations shown in Figs. 
8-c and 8-d are normally limited to wells with low PI, where 
no harm is done by carrying a reasonable back pressure on 
the formation. 


An installation designed to permit economical production of 
shallow stripper wells is shown in Fig. 8-e. Assuming that a 
natural source of high pressure gas is not available, a small 
compressor is set at the well head, discharging into the casing 
annulus. While a fluid head builds up inside the insert cham- 
ber (dual packers may be used if desired), the compressor 
builds up a volume of high pressure gas in the casing annulus. 
At pre-determined intervals, the surface controllor opens, takes 
the accumulated gas from the casing and introduces it down 
a string of macaroni tubing which is clamped to the regular 
well tubing. The lower end of the macaroni string is connected 
to an intermitting-type gas lift valve in the tubing string. On 
each cycle, this valve opens to admit gas into the chamber 
area, transferring the fluid there into the tubing above the free 
piston and thence lifting it to the surface. If low pressure gas 
is not available for the compressor, compressed air may be 
used in many wells of this type. When compressed air is used, 
it is recommended that some agent (Kontol, Corexit or others) 
be used to prevent damage to the tubing and casing. 


BENEFITS RESULTING FROM USE OF THE 
FREE PISTON 


The several benefits resulting from use of the free piston in 
conjunction with gas lift valves may well be compared to those 
obtained when a supercharger is placed on an already efficient 
engine. In their present stage of development, intermitting-type 
gas lift valves have long since proved to be a very efficient and 
economical method of artificial lift. Addition of the free piston 
to the gas lift system adds these definite advantages: 

1. Slippage of fluid is eliminated, resulting in higher fluid 
recovery. 

2. Injection ratios per barrel of fluid are considerably lower 
because injection volume can be closely co-ordinated with 
the known volume of fluid lifted at each cycle. 

3. Lower injection pressures can be used. Since a known and 
controlled volume, with a known hydrostatic head is lifted 
at each cycle, the injection pressure need be no higher than 
the minimum required to move the head, Wells as deep as 
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10,000 ft can be produced with as little as 100 psi injec- 
tion gas pressure. 

4. Gas-cut fluids and tendencies for emulsion are eliminated, 
thus reducing treating costs. 

5. The free piston serves as an automatic paraffin scraper. In 
wells where the formation of paraffin is a definite and pro- 
nounced hazard, this might well be listed as the No. 1 
benefit. The continuous swabbing action of the free piston 
positively prevents paraffin deposition and keeps the tubing 
walls polished. Of course the free piston will not remove 
large accumulations of paraffin in the tubing. However, if 
the tubing is clean when the piston is installed, it will 
remoye paraffin as it is deposited and prevent its accumu- 
lation. 

In flowing wells, the free piston, offers these advantages: 
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1. Flowing life of the well is prolonged. \\ 
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2. Gassy fluids are eliminated. 
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3. Gas/oil ratios are usually reduced considerably. This is 


especially true in high ratio wells, with high formation AAG 
pressure and low productivity indices. 
Illustrative of the benefits obtained through the use of the — 
free piston are the pressure recording charts shown in. Fig. 9. 4 srg 
These were taken from wells where the free piston is in opera- FIG. 9-c 


tion. 


Fig. 9-a is a chart taken on, a “free wheeling” installation, 


with the free piston being used ina well being produced with This well is 8,600 ft deep and has a static pressure of approxi- 
formation gas. This well is 6,869 ft in depth and makes 7 bbl mately 300 psi. It has been produced by the method illustrated 
of fluid daily. No outside gas is used. This well is in the jn Fig. 8-b, for the past 14 months. 


At this time, a free piston is being designed for use in 


Fig. 9-b shows the system pressure being maintained for flowing wells where paraffin conditions are abnormally bad. 
gas lift use on approximately 20 wells on a Texas Gulf Coast The basic idea behind this tool is to have a piece of equip- 
lease. Fig. 9-c shows the chart taken from one of these wells ment which will drop beneath the paraffin level in the well, 
which contained a chamber installation, using the free piston automatically pack off, and return to the surface, thus elimi- 
in conjunction with intermitting-type gas lift valves. The uni- nating any paraffin accumulation in the tubing even though 
formity of this chart should be noted, since this indicates very the well is flowing. It is intended to design the new tool so 
good results. Actually, production on this well has increased that this action can be repeated several times daily if desired. 
from 18 to 30 B/D, with considerably lower gas/fluid ratios. xk k 
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THE SKIN EFFECT AND ITS INFLUENCE ON THE 
“PRODUCTIVE CAPACITY OF A WELL 


A. F. VAN EVERDINGEN, SHELL OIL CO., HOUSTON, TEXAS, MEMBER AIME 


ABSTRACT 


The pressure drop in a well per unit rate of flow is con- 
trolled by the resistance of the formation, the viscosity of the 
fluid, and the additional resistance concentrated around the 
well bore resulting from the drilling and completion technique 
employed and, perhaps, from the production practices used. 
The pressure drop caused by this additional resistance is 
defined in this paper as the skin effect, denoted by the sym- 
bol S. This skin effect considerably detracts from a well’s 
capacity to produce. Methods are given to determine quanti- 
tatively (a) the value of S, (b) the final build-up pressure, 
and (c) the product of average permeability times the thick- 
ness of the producing formation. 


INTRODUCTION 


Equations which relate the pressure in a well producing 
from a homogeneous formation with pressures existing at vari- 
ous distances around the well are generally used within the 
industry. The relation is quite simple when the fluid flowing is 
assumed to be incompressible. It becomes somewhat more 
complicated when the flowing fluid is considered compressible 
so that the duration of the flow can be considered. In each case 
the major portion of the pressure drop occurs close to the 
well bore. However analyses of pressure build-up curves indi- 
cate that the pressure drop in the vicinity of the well bore is 
greater than that computed from these equations using the 
known, physical characteristics of the formation and the fluids. 
In order to explain these excessive drops it is necessary to 
assume that permeability of the formation at and near the 
well bore is substantially reduced as a result of drilling, com- 
pletion and, perhaps, production practice. This possibility has 
been recognized in the literature.” 

A method to compute the pressure drop due to a reduction 
of the permeability of the formation near the well bore, which 
is designated as the skin effect, S, is given in the following 
paragraphs. To start, equations normally used to describe flow 
in the vicinity of a well are given without considering this 
effect. These equations then are modified to include the effect 
of a skin on the pressure behavior. Finally a method is given 
to estimate the effect of the skin on the pressure and produc- 
tion behavior of a well. 


PRESSURE EQUATIONS 


Incompressible Fluid Flow 


If pr is defined as the flowing pressure in a well of radius 
rw, the pressure at distance r from the well has been shown 
to be:* 
2Qrkh 

The total pressure drop between the drainage boundary, 7r,, 
and the well bore is given by 


Por) = Doty + 


‘References given at end of paper. 

Manuscript received in the Petroleum Branch office Sept. 24, 1952. Paper 
presented at the Petroleum Branch Fall Meeting in Houston, Tex., Oct. 
1-3, 1952. 
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These equations are valid only if the flow towards the well 
occurs in a horizontal homogeneous medium and the fluids are 
incompressible. The assumptions imply that all fluid taken 
from the well enters the system at r,, a condition rarely en- 
countered in practice. 


Compressible Fluid Flow, Steady State 


A more realistic equation is obtained if it is assumed that 
the compressibility, c, of the flowing fluids is small and has a 
constant value over the pressure range encountered. After the 
well has been producing for some time so that its rate has 
become constant and steady state is reached, the pressures 
throughout the drainage area are falling by the same amount 
per unit of time, and the pressure differences between a point 
in the drainage area and the well are constant. When these 
conditions are met, the rate of production, g, from a well is 
equal to rhr*,cf(dp/dt), where dp/dt is the pressure drop 
per unit time. The fluid flowing at a distance r from the center 
of the well is equal to q(r*,—7r°) /ry. From the last equation 
and from Darcy’s law it can be shown that 
The equation holds for a depletion-type reservoir of radius ry, 
drained by a well located in its center, provided the compres- 
sibility of the fluid per unit pressure drop is small and con- 
stant, and no fluid moves across the boundary 1. 


P(+,) 


Compressible Fluid Flow — Nonsteady State 


Table III of reference (5) shows the relationship between 
the pressure at the well bore and the reduced time, T= 
kt/fucr’,,. The pressure-drop function, represents the drop 
below the original reservoir pressure, pr, caused by unit rate 
of production (qin) = qu/27rkh = 1) for several values of R, 
the ratio of drainage boundary radius, r,, to well radius, ry. 
In most reservoirs the values of r,/ry approach infinity, and 
under these conditions the values of p,r, shown in Table I of 
reference (5) can be used where p,;r) then signifies the dif- 
ference between the pressure in the well and the prevailing 
reservoir pressure per unit rate of flow. The total pressure 
drop below prevailing reservoir pressure amounts to pr—pr = 
(qu/2rkh) pir), where the factor gu/27kh converts the cumu- 
lative pressure drop per unit rate of production to cumulative 
pressure drop for actual rate, g. For values of T > 100 the 
Por) function may be written (equation VI-15 of reference 5) 
as 

Dir) = (InT + 0.809), 
Using the time conversion T = kt/fucr’y, the difference in 
pressure between reservoir and well becomes 


= [In (ht + 0.809]. . . (8) 
Aarkch 


If values for the physical constants of the formation and the 
fluids are inserted, it is found that T exceeds 100 after a few 
seconds of production (or closed-in time), so that the approxi- 
mation becomes valid almost at once. 

A simple relation between the pressure in the well and in 
the reservoir can also be derived by considering the well as a 
point source’”'® 
using Lord Kelvin’s solution instead of the unit circle source 


instead of a unit circle source. that is, by 
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solution.’ The difference in pressure at the well bore and the 
prevailing reservoir pressure then is 

Ankh 

and this expression also approaches Equation (3) closely 
whenever the value of (fucr’,/4kt) is smaller than 0.01 which 
as stated before is the case a few seconds after the start of 
production (or shut-in). 


Pi 


In all of the equations given so far it is assumed that unit 
rate of production is obtained immediately upon opening the 
well and, alternatively, that upon shutting-in the well the rate 
of production from the formation ceases abruptly. The storage 
capacity of the casing and tubing prevents this ideal condi- 
tion from being obtained immediately in wells. Hence it is 
normally observed that the pressure builds up gradually so 
that it takes from a few minutes up to several days (depend- 
ing on the characteristics of the formation, the contained fluid, 
and the storage capacity of the casing) before the observed 
pressure-time relationship assumes the logarithmic relation 
mentioned above. 


Effect of Storage Capacity of Casing and Tubing 


Two methods can be used to express the effect of the storage 
capacity of casing and tubing on the flow equations given 
above. 

In both cases it is assumed that a well has been closed-in 
sufficiently long for the pressure to attain substantially the 
prevailing reservoir pressure. The well then is opened and its 
measured production is corrected for the fluid obtained from 
casing and tubing to obtain the cumulative production from 
the formation proper. These corrections are derived from 
observations of casing-head, tubing-head, and bottom-hole pres- 
sures, and from a knowledge of the dimensions of casing and 
tubing, and the weight of the oil and gas columns. 

Method 1: The cumulative production from the formation 
is plotted versus time, measured from the instant of opening 
the well, and, in general, a graph is obtained similar to Fig. 1, 


(), CUMULATIVE PRODUCTION 
CORRECTED FOR UNLOADING OF CASING AND TUBING 


INCREASE , ATMOSPHERES—PER UNIT RATE OF FLOW 79,51) 


8 


L 


t= 


FIG. 2—Pyr) AND pyr) CURVES VS. LOG OF TIME. 


which shows that the rate of production from the formation 
can be closely approximated by a formula of the type 


q(l1—e  ), where both g and a are constants evaluated from 
the observations. 

The rate of production, g, in cc/second at reservoir condi- 
tions equals gu/2rtkh reduced rates. The dimension of the 
factor a, appearing in the exponent, is 7’. Expressing the 
time in reduced units T = kt/fucr’, causes the value of « to 
change to afucr’,/k = 8. The numerical value of the product 
BT remains equal to at. 

From reference (5) it is clear that if a unit rate of produc- 
tion (q¢r) = gu/2rkh = 1) gives a pressure drawdown of pir) 


atmospheres, then the rate (l—e ” ) during the pressure 
drawdown will result in a pressure drop, pyr), which is given 
by the relation 


(5) 


where p’(x) is the differential of the unit function pir) with 
respect to time. 


Using $(—Ki(—4T7) for the pressure drop caused by 
unit rate of production, it is found that Equation (5) has as 
its explicit solution 


= -@T 
Pir) = pon — Ing —2y + In + Ei(BT)] 


(6) 
where y = 0.57722 = Euler’s contant and 
Ei (er) = (e"/u)du, whose values are given in refer- 


ence (7). 

To analyze the complications encountered in the pressure 
build-up curves of wells the point source solution is used. The 
adoption of this solution instead of the correct unit circle 
source solution (which is more difficult to handle) is con- 
sidered permissible as shown by the following table. 


t, TIME — 


FIG. 1 — DETERMINATION OF RATE OF FLUID ENTRY INTO WELL BORE. 
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Dees computed from: Point Unit Circle 
Source Source 

K= 750 0.09354 0.09499 
100 0.21247 0.21608 

200 0.46799 0.47336 

500 1.20915 1.21437 

1000 2.19670 2.20112 

2000 3.38670 3.38844 
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Method 2: Observations on wells have also shown that the 
amount of fluid, C, which can be withdrawn from (or stored 
into) casing and tubing per atmosphere pressure difference is 
a constant whose value can be determined with reasonable 
accuracy. These values of C are expressed in cc/atmosphere 
at reservoir conditions. In the system of reduced units used 
throughout this work C = 27fhcr*,,C, as previously discussed.’ 

If we denote the pressure-drop — time relationship which 
would result from the relation of rate of production and un- 
loading of casing as p,v, the rate of production in reduced 
units from the formation will approach unity according to 


(l= dT) (7) 
and by the superposition theorem’ the drawdown in a well 
after opening will be equal to 


which is Equation VIII-3 appearing in reference (5). pix 
curves are shown graphically as Fig. 8 of the same reference. 

As shown on Fig. 2, both pyr) and pr) when plotted versus 
the log of time show some of the lag in pressure build-up so 
characteristic in all pressure observations. 


The Skin Effect 


Although the pressure-drop function modified for the vari- 
able rate of production prevailing immediately after closing-in 
or opening-up of a well shows some of the characteristics of 
the observed pressure build-up or drawdown curves encount- 
ered in practice, agreement between these modified functions 
and factual data leaves much to be desired. In general, the 
pressure difference between prevailing reservoir pressure and 
flowing pressure is larger than can be accounted for by allow- 
ing for the variable rate in the manners explained above. 
Better agreement can be obtained if it is assumed that the 
permeability of the formation at and near the well bore is 
substantially reduced as a result of drilling, completion and, 
perhaps, production practices. Whatever may be the cause for 
this reduction no reason can be found to assume that this 
reduction is present beyond 20 ft around the bore hole and 
probably not that far. The volume of the fluids contained in 
such a cylinder is small compared to the volume of fluids 
within the drainage area of a well. It may therefore be con- 
cluded that any transient conditions set up in this cylinder 
are of short duration and can be neglected in the analysis. 
Hence the effect of a reduction in permeability in this cylinder 
can be taken into account as an additional pressure drop, 
proportional at all times to the rate of production from the 
formation. For this reason the additional pressure drop (per 
unit rate of flow) near the well bore is considered to be 
caused by a skin and denoted by S. 


Under these conditions Equation (5) is modified further 
to give 
_pT 
Pa = JS (l=e B ) + (l-e 
which has the explicit solution 
Dery =P) + S—te™ [_inp—2y +in4 + Ei(sT) + 2S] 


It is easy to see that for large times when e p becomes zero, 
Equation (10) gives 
Poy = Pay + 
so that the entire pressure drop equals 
— [ln (kt/fucr’,) + 0.809 + 2S] 
Ap + ] ( /f 4 
(11) 


which is the same as Equation (3) after allowing for the pres- 
sure drop caused by the skin. 
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Furthermore, the presence of a skin causes Equation (8) 
to be modified to 


Pix) = [1 —C (dp | DP dT" 
+ (l—Cdpi)/dT)S (12) 
With the help of LaPlace transformations p,r) can be ex- 
pressed as the infinite integral 


(l=e™*) Jo(ujdu 
u fl—wCS + tawCY,(u) + J, (u) |? } 
which becomes identical with Equation VIII-11 of reference 
(5) when S = 0. 

It can be shown that for large times, Equation (12) also 
gives Por) = Por + S. 

Both Equations (10) and (13) can be used to represent 
with reasonable accuracy the entire pressure build-up in a 
well, so that it is felt that all factors influencing the pressure 
rise (or drop) have been taken into consideration. However, 
it is not possible to determine the numerical value of the vari- 
ous parameters entering the equations; to be precise, it is 
not possible to determine from a pressure build-up curve, even 
if it fits a theoretical curve neatly, the value of S and of the 
time conversion k/fucr’.. Equation (11) gives, in a simpler 
manner, all information useful in field operations which to 


date has been extracted from the more complex Equations 
(10) and (13). 


. 
= 


ANALYSIS OF BUILD-UP CURVES 


The pressure build-up curve of a well is obtained by meas- 
uring the bottom-hole pressure in a flowing well, p;, together 
with the subsequent pressure increases during a period of 
sufficient duration following the shutting-in. It is assumed 
that the well has been producing at a constant rate, g, during 
a considerable time, t. The pressure increase upon closing-in 
is recorded as a function of the closed-in time, 6, and only 
those pressure increases are used after the effects of storage 


RATE OF PRODUCTION, q 


‘100 ----- - 


time OF SHUT IN 


t 
-q 
| | 
TIME — 


FIG. 3. — SUPERPOSITION OF FLOW RATE FOR CLOSING IN A WELL. 
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in casing and tubing have died down. In the formulas the 
closing-in of a well is taken into account by superposing a 
negative rate, g, so that the rate of withdrawing fluids from 
the formation becomes zero, as shown on Fig. 3. 

From Equation (11), and as shown in reference (6), the 
pressure drop at any time (¢+ 45) caused by the production 
is found to be 


q 
[Un (t+ 8) +n (k/fucr’y) + 0.809 + 25], 


and the pressure increase caused by the superposed negative 
rate qg 1s 


= Aa [ln 6 + In (k/fucr’) + 0.809 + 2S]. 


The actual pressure decrease at time 6 after closing-in is given 
by the sum of these two expressions 


ps = ADs [In (t + 5) —In8] 
In | (t + 8) /5] (14) 


Equation (14) indicates that the pressure change is propor- 
tional to a /n-function of (¢+ 5)/5 and therefore forms a 
straight-line relationship when plotted on semilog paper. Using 
Equation (14) for the determination of the prevailing reservoir 
pressure requires that r,/ry be essentially infinite. For the 
determination of the average permeability and the skin factor 
it is only necessary that the pressure build-up curves contain 
a straight-line portion. 

Some of this information has been presented in somewhat 
different form”* and is included here to present a complete 
analysis of a pressure curve, including the skin effect. 


Determination of Prevailing Reservoir Pressure 


For infinite closed-in time (6 = o), In[ (t + 6)/6] and Ap 
become zero. Therefore the pressure read at In [t + 5) /6] 
=0 reflects the reservoir pressure, pr, which would prevail 
at that point had no fluids ever been taken from the reser- 
voir at that particular location. The relation affords a simple 
means to determine reservoir pressures from build-up surveys 
where the actual measured pressures are still considerably 
below final shut-in pressures. It requires, however, that con- 
tinuous measurements be made. So-called spot readings are 
likely to be misleading, since the errors in such measurements 


PRESSURE, psig 
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FIG. 4 — PRESSURE BUILD-UP CURVE BEFORE REPERFORATING. 
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Before After 
Perforated interval 6258-70 ft 6258-70 ft 
h, producing interval 548 cm 548 cm 
Cumulative production 3956 B/D 5500 B/D 
Production rate 96 B/D 60 B/D 
Production time 41.21 days 91.67 days 
t, production time 3,561,000 sec 7,920,000 sec 
Shrinkage factor 0.795 0.795 
q at reservoir conditions 222 cc/sec 139 cc/sec 
Pressure increase per cycle 6 psi 4 psi 
Pz, flowing pressure 2060 psi 2502 psi 
uu, Viscosity 0.65 cp 0.65 cp 
f, porosity 0.219 0.219 
c, fluid compressibility 0.00017/atm 0.00017 /atm 
r.,, well radius 6.3 cm 6.3 cm 


(especially when made with different recorders) are apt to 
exceed the relatively small pressure increases actually occur- 
ring and thereby give an erroneous slope to the straight-line 
portion of the build-up curves. 


Determination of Average Reservoir Permeability 


The slope of the straight-line portion of the build-up 
curve according to (14) is equal to gu/4rkh. When a plot on 
semilog-log paper is used, the pressure increase per unit 
rate of flow (qi) = qu/27kh = 1), per 10-fold increase in 
(t + 5) /6 is equal to % In 10 = 1.1513 atmospheres = 16.924 
lb. Hence if the pressure increases 40 lb per cycle, the well has 
produced at 40/16.924 = q,r) = 2.36 unit rates = qu/2rkh. 
When gq and u are known from other sources the average value 
of kh can be found. If a reliable value of A is also available 
an average value of the permeability can be obtained. 


Determination of Skin Factor 
Equation (11) shows the pressure drop at the time of shut- 
in to be 


qu 
4akh 


Ap = [In t+ In (k/fucr*,) + 0.809 + 2S] . (11) 


(§=0) 


= PRESSURE, psig. 
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FIG. 5 — PRESSURE BUILD-UP CURVE AFTER REPERFORATING. 
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FIG. 6 — PRESSURE BUILD-UP CURVE BEFORE ACIDIZING. 


Equation (14) shows the pressure drop at closed-in time 6 
to be 


Ap, = In [(t + 8) /d] . (14) 


For values of 5 small compared to t, In[ (t + 4)/6] is essen- 
tially equal to /n t/5, so that Equation (14) can be modified to 


(14-a) 


By subtracting Equation (14-a) from (11) 


0.809 +- (15) 


Since the left-hand side of this equation is the difference be- 
tween flowing pressure and the pressure on the straight line 
for time 6, and gu/2rkh is the slope, a value of 

In (k/fucr’) + 0.809 + 2S . (16) 
can be found. If the radius of the well bore, the compressi- 
bility of the fluid, and the porosity are inserted in the equation, 
a value for § is obtained. 

To obtain the above-mentioned objectives a definite straight- 
line portion of the build-up curve should be available. This is 
further shown by a consideration of Fig. 2 which shows that 
the P,x) functions have a tendency to show a linear relation- 
ship with Jn T before actually coinciding with the p,x, func- 
tions. Therefore the duration of the pressure survey should 
be considerably longer than the time required for the effects 
of storage in casing and tubing to die down. 


FIELD APPLICATIONS 


_ Field experience shows that the productive capacity of a 
well can be increased considerably by reducing the value of 
(144 In k/fucr’, +S). Two examples are given to illustrate 
this statement. 


Reperforating 


The effect of reperforating a well on the value of S is given 
in Figs. 4 and 5; production, well, and PVT data are sum- 
marized in Table 1. 

As a well is seldom produced at a constant rate, the time, t¢, 
before closing-m is approximated by dividing the cumulative 
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FiG. 7 — PRESSURE BUILD-UP CURVE AFTER ACIDIZING. 


production before closing-in, by the rate prevailing at that 
time. This approximation of t becomes more reliable the longer 
the well is produced at the constant rate, g. The following 
information can be derived from the table and Figs. 4 and 5. 


Before After 
Reperforating Reperforating 
Pr 2554 psi 2554 psi 
Dr— pr 494 psi 52 psi 
14.7 th (k/fuer’s) +S] 454 psi 24 psi 
2Qrkh 
IAT qu [14 In (k/fucr’y) | 13 psi 8 psi 
2Qrkh 
14.7 S 441 psi i 
psi 16 psi 
S 84.8 4.6 
k 118 md 111 md 


for a formation having high 
values of 27kh/u, as usually found in the Miocene sands 
around the Gulf Coast. Under these conditions the pressure 
increases per cycle are small, which stresses the necessity of 
obtaining accurate data for determining the straight-line por- 
tion of the build-up curve. The determination of S, also, is 
highly sensitive to variations in the small values of gu/2rkh. 
In extreme cases the straight-line portion of the build-up 
curve approaches a horizontal line, and the entire pressure 
increase after shut-in of the well is then an indication of the 


The curve shown is typical 


Table 2 — Acidizing Job 


Before After 
h, producing interval 2103 cm 2103 cm 
Production rate 250 B/D 255 B/D 
Production time, sec 4,908,000 sec 6,096,000 sec 
Shrinkage factor 0.88 0.88 
q at reservoir conditions 523 cc/sec 533 ce/sec 
Pressure increase per cycle 77.6 psi 78.3 psi 
D+, flowing pressure 3534 psi 4144 psi 
pb, Viscosity 0.80 cp 0.80 ep 
f, porosity 0.039 0.039 
c, fluid compressibility 0.0001 /atm 0.0001 /atm 
r,,, Well radius 6.03 cm 6.03 em 
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presence of a considerable skin effect, whose actual value, 
however, cannot be determined. 

It is evident that in the case discussed above the first per- 
foration job was not efficient and that reperforation essentially 
removed a large resistance which existed near the well bore. 
Before reperforating, the entire pressure drop was 494 psi out 
of which 441 psi or 89 per cent was caused by the skin effect. 
After reperforating, these figures were 52 psi, 16 psi and 31 
per cent respectively. Since the rate before reperforating was 
96 B/D against 60 B/D after reperforating, the last set of 
pressure figures given should be multiplied by 1.6 in order 
to obtain a valid comparison. 


Acidizing 
An example of a well before and after acidization is given 


in Figs. 6 and 7; the production data are assembled in Table 
2. Pertinent conclusions follow. 


Before After 
Acidizing Acidizing 
Pr 4600 psi 4589 psi 
Pr— Pr 1066 psi 445 psi 
147 qu [%4 In (k/ fuer) + S| 519 psi = jog 
Qrkh 
14.7 In (k/fucre)] 138 psi 140 psi 
Qrkh 
B81 252 psi 
Inkh 
5.6 
k 6.9 md 7.0 md 


The presence of a negative skin may be questioned and is 
shown here merely to illustrate the change resulting from 
acidizing the well. It is probable that a negative value for S 
reflects an increased effective well radius, r,. 

The above analysis shows that the value of S, is not the 
most significant figure that can be obtained from this type of 
information. It seems reasonable to suppose that acidizing 
increases the permeability of the formation immediately sur- 
rounding the well bore to such an extent that it becomes ex- 
tremely large compared to its original value. This increase in 
permeability for some distance around the well bore can be 
regarded as increasing the effective radius of the well several 
fold (without increasing the size of the bore hole). Hence, 
acidization will cause not only the numerical value of S to 
decrease but also the value of 4% In (k/fucr*y) to decrease 
in the same operation, due to an increase in r,. Hence the 
effectiveness of acidization can best be judged by comparing 
the combined values of 4% In (k/fucr’y) + S before and after 
acidization, without considering which of these two factors 
contributes to the improvement. From this reasoning it follows 
that acidization should be repeated whenever a sizeable de- 
crease in the sum of these two factors can be expected. 


NOMENCLATURE 
Used in this Paper — Used in Ref. 5 
Production time, seconds t 18 
Production time in 
reduced units th t 


Time well has been 


shut-in, seconds 5 = 
Permeability, darcys k K 
Porosity, a fraction f f 
Viscosity of reservoir 

fluid, centipoises 
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Compressibility of the 


reservoir fluid/atm. c c 
Radius of well, cm. Vien Ry 
Drainage radius of 

well, cm. Tp RR, 


Rate of fluid flow (cc/sec., 
reservoir conditions ) 
Formation thickness, cm. h H 
Rate of flow in 
reduced units 
Prevailing reservoir pres- 
sure, i.e., well pressure 


after infinite shut-in time Dr = 
Pressure at drainage 
boundary of flowing well 


Flowing bottom-hole pres- 

sure in the well at 

time of shut-in pr - 
Increase or decrease in 

bottom-hole pressure at 

time 6 after shutting-in 


or opening-up a well Ap AE 
Pressure decrease caused 
by unit rate of flow Pi) Pos 


Pressure drop per unit rate 
of flow caused by the 
skin, dimensionless S - 

The natural (Naperian) 
log of a number 


In () 


Nore: All terms in the equations used in this paper are in 
the system of units associated with Darcy’s law, and the reader 
is referred to suitable conversion tables such as shown in 
reference (6) whenever production data are expressed in a 
different system. 
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SUMMARY 


The Spraberry Trend Field of West Texas was discovered 
in January, 1949. Drilling of 2,234 wells and production of 
some 45 million bbl of oil by January, 1953, indicated this to 
‘e an important field which will ultimately cover more than 
400.000 acres. In addition to being the world’s largest field in 
areal extent, the Spraberry has presented many problems in 
well completion and operation and has demonstrated unique 
reservoir performance characteristics. 

The pay section consists primarily of a few fine grained 
sandstone or siltstone members in a thousand-ft thick section 
of shale, limestone, and siltstone. Since porosity averages only 
10 per cent and nearly all permeabilities are less than 1 md, 
conventional core analysis does not delineate the “pay” sec- 
tion. Mercury injection was used as a capillary pressure test 
adaptable to rapid routine use to select those intervals having 
low enough connate water saturation to contain commercially 
significant oil saturation. In the central area of the field this 
“pay” amounts to 16 ft of Upper Spraberry and 15 ft of 
Lower Spraberry sands. 

An interconnected system of vertical fractures, observed in 
cores, provides the flow channels for oil to drain into the wells 
but most of the oil is stored in the matrix since the void vol- 
ume of fractures is estimated to be less than 1 per cent of 
that in the sand. Initial potentials of wells range up to 1,000 
B/D after fracture treatment which should be compared with 
estimated capacity of 5 to 10 B/D if oil had to flow into the 
wells through the sand itself. 


Ri ferences given at end of vaper. 
ici hecript received in the Petroleum Branch office Feb. 2, 1953. Paper 
presented at the AIME Annual Meeting in Los Angeles, Calif., Feb. 14- 


19, 1953. 
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Without exception initial pressures of later drilled wells 
were significantly lower than initial pressures of earlier drilled 
nearby wells in a large area some 6 miles long. This means 
the earlier drilled wells had drained fluids from areas much 
greater than their 40-acre proration units. Since most of this 
performance occurred while the reservoir pressure was above 
the saturation pressure it was analyzed by the compressible 
fluid flow theory. This analysis gave calculated initial pres- 
sures which agreed within + 30 psi of measured pressures of 
60 per cent of wells in the area using 16-md permeability cor- 
responding to a fracture system substantially that indicated 
by cores and using combined compressibility of rock and its 
contained oil and water corresponding to the core analysis 
data. The most important feature of this analysis was the very 
close agreement between effective compressibility of the rock 
and its contained oil and water from the field performance and 
that from the core tests, because it meant there are no 
“islands” of low permeability reservoir rock left untapped in 
the inter-well area and thus no additional wells are necessary 
to insure that at least one well penetrates each “reservoir.” 

Twenty-five of forty-four 40-acre spaced wells on three ccn- 
tiguous sections were used in a four-month interference test. 
Six shut-in wells were tested monthly for oil production, pro- 
ductivity index, gas-oil ratio and pressure buildup, and seven 
shut-in wells were tested for decline in reservoir pressure. 
Tests on 12 regularly producing wells gave comparative data 
for interpretation of shut-in test wells. Reduction in reservoir 
pressure, decline in productivity index, and increase in gas- 
oil ratio were found to be substantially the same in the shut-in 
test wells as those in the comparative regularly producing 
wells, meaning that the producing wells were depleting the 
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reservoir with the same efficiency at these points in the reser- 
voir a quarter of a mile away as they were at points near the 
producing wells themselves. 

Rapid decline in oil productivity and rapid increase in gas- 
oil ratio point to recovery of only some 7 or 8 per cent of 
oil in place. Laberatory tests on Spraberry cores indicate this 
low recovery is probably caused by capillary retention of oil 
due to “end effects” in the small fractured blocks of the 
reservoir rocks. Production rates necessary to overcome this 
capillary retention of oil cannot be achieved by any practi- 
cable spacing of wells. 

The significance of this study is that direct experiment in 
the field itself demonstrates ability of a well in the Spraberry 
to recover oil from areas of the order of at least 160 acres as 
efficiently as could many wells on the same area even though 
the effective permeability of the reservoir including its frac- 
tures is only 16 md. It also demonstrates how modern reser- 
voir engineering methods coupled with an enlightened man- 
agement attitude can lead to an early understanding of a 
specific reservoir’s performance and thus to proper develop- 
ment and operation. 


HISTORY 


The Spraberry sands of West Texas, named from a ranch 
owner on whose property they were first tested, were proved 
productive in January, 1949, in the Spraberry Deep Field in 
Dawson County. In February, 1949, the sands were proved 
productive in the Tex-Harvey Field in Midland County some 
50 miles to the south. Development was very slow until late 
1950 and early 1951 when additional fields were discovered 
including Germania, Driver, Midkiff, Pembrook, Benedum 
Spraberry, and others. Activity increased in 1951, reaching a 
peak at the beginning of 1952 when some 235 rotary rigs were 
in operation in the Trend. Thereafter drilling fell off sharply 
due partly to the steel shortage, but due mostly to the rapid 
decline in oil productivity of wells. 

Development as of Jan. 1, 1953, is outlined in Fig. 1, includ- 
ing limits of semi-proved commercial production. More than 
400,000 acres in an area nearly 40 miles in length and up to 
25 miles in width are included in this one field which most 
likely will be preved ultimately to be continuous, making it 
the largest in areal extent in the world. The circled area near 
the center of the field indicates the area in which tests were 
run which are presented in this paper. History of develop- 
ment and production of the Spraberry Trend are shown 
graphically in Fig. 2. 

Originally 40-acre proration units were in effect despite two 
concerted efforts in 1951 to obtain wider spacing. In Decem- 
ber, 1952, however, regulations were changed to provide 80- 
acre proration units with 80-acre plus tolerance to each unit 
at the option of the operation. In addition, the various Spra- 
berry fields covering parts of five counties were combined 
officially into one known as the Spraberry Trend Area Field. 


GEOLOGY 


The Spraberry formation is of Permian Leonard age and 
consists of about a thousand-ft section of sandstones, silt- 
stones, shales and limestones with the top of the section 
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occurring at a depth range of about 6,300 to 7,200 ft within 
the probable productive area. The structure is predominantly 
a broad regional monocline dipping westward about 50 ft per 
mile as illustrated in Fig. 1. Some noses are superimposed on 
the monocline and there is one anticline with about 200 ft of 
closure in the Benedum Area at the southern tip of the Spra- 
berry Trend. Other anticlinal structures occur in Spraberry 
fields outside the Trend area such as Spraberry Deep in 
Dawson County. To the north and east the section grades pri- 
marily to a carbonate section providing the necessary seal for 
the stratigraphic trap. To the south and west the section 
becomes more shaly. Updip limits of commercial production 
are controlled by scarcity of vertical fracturing —the domi- 
nant feature of this unique reservoir — rather than by lack of 
accumulation of petroleum. Downdip production is limited 
both by scarcity of fractures and by water. Readers are re- 
ferred to other papers for greater geological detail.’ 


DRILLING AND COMPLETION 


Wells are drilled to the top of the Spraberry in about 35 
days with rotary rigs using water and water-base mud. Some 
operators set a salt string at about 4,000 ft, followed by a 
liner to reduce mud costs while others set a single long oil 
string. Until late 1951 nearly all wells had casing set on top 
of the Spraberry after which the wells were drilled in with 
cable tools or with rotary tools using formation oil as the 
drilling fluid. Initially some wells were shot with nitroglyc- 
erine, but most wells have been hydrafraced to obtain satis- 
factory productivity. Very few wells will flow without such 
treatment.*’” Initial potentials of wells range up to 1,000 B/D 
and average about 250 B/D. Since late 1951 many wells have 
been successfully drilled through the entire Spraberry section 
with water-base mud, casing set through, cemented, and gun 
perforated. They have then been completed by hydrafrac using 
packers and temporary bridging plugs for selective treatment. 
Nearly all wells in the test area discussed in this paper were 
completed in the Upper Spraberry alone with casing set on 
top followed by cable tool and hydrafrac completion. After 
tests reported in this paper were completed, many of these 
wells were deepened to the lower Spraberry by continuous 
diamond drilling using oil as the drilling fluid and were com- 
pleted in open hole. On new wells this same operator has 
changed entirely to normal rotary drilling with water-base 
mud and with casing set through the entire zone. 


RESERVOIR CONDITIONS 


Sand Properties 


The Spraberry section is best illustrated by means of the 
composite log in Fig. 3 which includes the gamma ray and 
induction logs, geological description, and core analysis. Typi- 
cal is the main upper pay sand about 31 ft in gross thickness 
productive throughout most of the field and the main lower 
pay sand about 27 ft in thickness productive in part of the 
field. In addition, numerous other thinner sands and siltstones 
occur distributed throughout the 900-ft section which is mostly 
shale. Porosity of these sands ranges up to 13 per cent and 
permeability ranges from less than 0.001 md to about 1 md. 
Shale sections also have about these same porosities and _per- 
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FIG. 2—HISTORY OF DEVELOPMENT AND PRODUCTION, SPRABERRY TREND AREA 


FIELD. 


meabilities. Residual oil saturation in water-base mud cut 
cores determined by both retort and extraction methods ranges 
from about 10 per cent to 30 per cent in both shales and 
sands. Thus, conventional core analysis does not delineate the 
“pay” section. 

Retorting of Spraberry shale at 400° F under vacuum 
yielded no oil recovery while retorting of companion samples 
at 1,000° F yielded recovery equivalent of 10 to 30 per cent 
of pore space. Vacuum distillation of Spraberry crude at 
400° F gave about 50 per cent vaporization. The hydrocarbon 
material in the Spraberry shale thus is not ordinary crude oil 
but is probably a highly viscous or even semi-solid residue. 
It is not a commercial deposit. 

Porous diaphragm, centrifuge, and mercury injection capil- 
lary pressure methods all give similar values for irreducible 
water saturation for Spraberry sandstones. Single point mer- 
cury injection measurements at 1,300 psi were made to deter- 
mine those portions of sand which had pores large enough to 
permit oil entry under conditions of capillarity which prob- 
ably exist in the reservoir. Typical data are included in. Fig. 3 
and are labeled irreducible water saturation. Similar tests by 
commercial service laboratories have been reported as “pro- 
ductive porosity.” Arbitrarily selecting “pay” as that section 
having less than 60 per cent irreducible water saturation 
limits the main upper sand to an average of 16 ft and the 
main lower sand to an average of 15 ft. Most other sand 
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Table 1—Spraberry Sand Properties, Driver Field, Glasscock County, Texas 
Main Upper Spraberry Sand 


Sand Net** Trredueible Dove Vol, 
Section Pay Net Pay Water Sat. Bbl/Acre 
_ Per Cent Net Ravan Gross Sand Gross Sand Net Sand 

A 30 18 10.6 28.4 21,650 11,650 10,630 
B 36 20 all 28.4 24,600 11,650 10,100 
Cx 24 15 9.8 19.4 16,550 10,100 9,230 
D 29 15 10.1 25.0 20,300 9,150 8,850 
E 22 10 10.2 32.8 16,400 6,280 5,280 
ees 7 i 10.4 25.0 12,700 7,930 6,360 
G 41 13 9.7 32.0 27,500 8,530 6,750 
H 27 17 8.5, 25.7 18,250 9,080 8,300 
I 28 14 8.9 30.6 18,800 8,470 6,670 
J 32 23 Hilal 37.8 25,800 13,800 12,400 
Average 31 16 O10 30.1 21,600 9,930 8,610 


Main Lower Spraberry Sand 


A 27 14 9.4 15.2 15,850 9,310 8,700 
I 36 20 9.9 24.9 23,700 11,800 11,500 
J i) 10 10.6 99 12,100 7,680 7,450 
Average 27 15 10.0 16.5 17,230 9,630 9,230 


*Sandstone and siltstone section by core description. = 
**Section having less than 60% irreducible water saturation by Mercury Injection Method. 
***Complete section not cored and analyzed. Excluded from averages. 


streaks are too fine grained to contain sufficient oil saturation 
to be productive in this area but some of these thinner streaks 
apparently are productive in some parts of the field. Data for 
ten wells cored in the test area are summarized in Table 1. 
Values for hydrocarbon pore space for each well on both the 
gross sand and net sand basis are not products of average 
values but are summation of values measured individually on 
a sample of each foot of core. 


Vertical Fractures 


The unique feature of the Spraberry formation is the exten- 
sive vertical fracturing observed in all productive wells cored. 
FIG. 4— TYPICAL FRACTURES IN SPRABERRY CORES. Sixty-two per cent of 2,058 ft of cores from five wells in this 
: area had single fractures present and 4 per cent had multiple 
fractures, some parallel and some intersecting. Fracture spac- 
ing laterally is probably of the order of a few inches to a few 
feet estimated from frequency of fractures observed vertically 
in the 3.5 in. diameter cores. Typical fractures in cores are 
illustrated in Fig. 4. The vertical fracture pattern may very 
well be similar to that occurring in the outcrop of the Spra- 
berry equivalent Brushy Canyon Formation some 70 miles 
south of Carlsbad, New Mexico, as illustrated in Fig. 5. 


One hundred eleven measurements of fracture openings 
were made on these cores by comparing core diameter normal 
to the fracture with that parallel to the fracture after match- 
ing the core pieces by bedding planes, bit scratches, and frac- 
ture irregularities. These fracture measurements ranged up to 
0.013 in. and averaged 0.002 in. Some large fractures exist as 
demonstrated by cement in cores cut below casing but these 
are infrequent. Productivity of wells indicates some of the 
fractures must be open because the actual initial potentials of 
wells often exceed the potential calculated from core analysis 


FIG. 5—TOP VIEW OF VERTICAL FRACTURES IN OUTCROP OF permeability by a factor of about 25. Fractures exist in the 
BRUSHY CANYON FORMATION. shales but pressure-production data discussed later indicate 
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per bbl at the 136° F reservoir temperature. Lower Spraberry 
oil in this area was saturated initially at a pressure of about 
2,535 psi. Formation volume factor is 1.58 and gas in solution 
is 1.047 cu ft per bbl at the 144° F reservoir temperature. 


Oil in Place Initially 
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FIG. 6 — AVERAGE SUBSURFACE OIL SAMPLE, UPPER SPRABERRY SAND, 
DRIVER FIELD, GLASSCOCK COUNTY, TEX. TEMPERATURE, 136° F. 


flow is mainly limited to the sand section and vertical commu- 
nication through fractures in shale is negligible. 

Fracture void volume in the main upper Spraberry sand is 
estimated to be about 110 bbl per acre based on fracture 
opening and probable fracture spacing just discussed. Frac- 
tures thus contribute little to reservoir void volume but do serve 
as conduits for flow of oil and gas from the reservoir to the 
wells. 


Properties of Oil at Reservoir Conditions 


Subsurface samples of oil were obtained from ten newly 
completed upper Spraberry wells in this area. Properties of 
each oil sample at saturation pressure are summarized in 
Table 2 and average properties at various pressures are pre- 
sented graphically in Fig. 6. Of greatest significance for analy- 
sis of upper Spraberry reservoir performance observed is the 
approximate 300 psi undersaturation of oil initially. Forma- 
tion volume factor is 1.385 and gas in solution is 713 cu ft 


Tank oil in place initially in the Upper Spraberry, estimated 
from these various core analysis, fracture opening, and sub- 


surface sample data, is 7,250 bbl per acre on the gross section 


basis and 6,300 bbl per acre on the net section basis consid- 
ering only those intervals having less than 60 per cent irre- 
ducible water saturation. Similar estimates for the main lower 
Spraberry sand are 6,150 bbl per acre on the gross basis and 
5,900 bbl on the net basis respectively. 


MEASUREMENT AND INTERPRETATION OF 
INITIAL PRESSURES IN WELLS 


After hydrafrac treatment each well in the subject area was 
produced just a few hours for clean up and was then shut in 
for a minimum of 72 hours prior to measurement of reservoir 
pressure. Production during clean up ranged from 100 to 400 
bbl generally. Wells so tested are identified in Fig. 7 and data 
obtained are presented graphically in Fig. 8 with appropriate 
corresponding circular symbols. Subsequent 72-hour shut in 
pressures of some producing wells are shown as X’s, and lines 
connect pressures of an individual well. Within each closely 
associated group the later drilled wells had lower initial 
pressures without exception than did the earlier drilled wells, 
and in nearly all cases the initial pressures of later drilled 
wells correspond closely with 72-hour shut in pressures of 
nearby regularly producing wells. Each later drilled well was 
at least 1,320 ft from any previously producing well, and one, 
Davenport C-14, in Section 11, was over half a mile from any 
producing well. This latter well reflected some 130 psi reduc- 
tion in reservoir pressure at this distance even though it was 
completed within about three months of the wells first drilled 
in the area. 

This rapid equalization of pressure over such. wide area 
means the fractures observed in cores are a sample of an 


Table 2— Properties of Reservoir Oil, Upper Spraberry Sand, Driver Field, Glasscock County, Texas 


ressure é at Sol at Co ‘essi- Gravit 

Well Datum) lp Psi Psi Factor Bbl Cent Vol/Vol/Psi °API 
A 2330 135 2111 1944 1,398 721 0.77 12.7x 10° 37.7 
B 2231 136 2110 1982 1.391 719 — 37.0) 
C 2263 137 2185 2008 1.362 685 0.66 12.7x 10° 36.6 
D 2251 137 2130 2090 1.356 679 0.62 11.9x 10° 37.4 
E 2212 138 2109 1797 1.365 666 0.78 efexcll| One 37.3 
F 2325 137 1959 1.396 714 — 37.1 
G 2341 137 2108 2016 1.397 726 aS 12.0x 10° 373 
H 2308 136 2175 2124 1.370 740 = 11.2x 10° 37.3 
I 2074 136 1847 1935 1.441 768 = 12.9 x 10°° 31.5 
J 2218 136 2002 1958 1.376 71 = 12.4x 10°° 370 
Average 136 1981 1.385 713 glk 37.2 

182 PETROLEUM TRANSACTIONS, AIME Vol. 198 1953" 


| | | | ea 
| | | | | | | to 


Vol. 198, 1953 


LINCOLN F. ELKINS 


LEONARD PROCTOR 


LEONARD PROCTOR 


LEONARD PROCTOR 


MAGNOLIA 27 ATLANTIC 26 
@3 
BESSIE FREEMAN 
ATLANTIC [SNOWDEN, 34 SOHIO // |AMERADA 
@2 ET RAE e: 35 
@3 ez | 
GRAPHIC SCALE 
Oe ez 2000 4000 | MILE 
|| 
WM. SCHROCK, ET AL A’ 
MAGNOLIA 39 ATLANTIC 38 ATLANTIC 37 ATLANTIC 42 
ez 
BLACK, ETAL 
ATLANTIC SINCLAIR 
G.P. SNYDER WM. SCHROCK, ET AL LANE WH. LANE, ETAL 
WEINER-COLLIN| ASHLANOAG SOHIO 47 ARGO 48 OHIO 43 
e: 20 7 an e2 
ANFLO |J.FLOYD if 
ez e: e- @ oe: | e: eo 
COX, ETAL CHAS, J. COX 
: ASHL'D-EL CAP'N EL CAPITAN - ASHLAND ATLANTIC 
J. A. BARNETT, | SNOWDEN 
ET AL 
R.S. DAVENPORT WHITEHOUSE CHAS. J. COX WOH. LANE, ET AL 
J. FLOYD ASHLAND 3 SOHIO 2) SOHIO SOHIO_ | SOHIO 6 
|/jes | O: Os] O3] @& 
EL CAPITAN 
| Os Or Or Or] @ & 
BARNETT-ASHLD| SNOWDEN 
e 2e// O» 10 OP 8 7 4 
R.S, DAVENPORT DAVENPORT XB. COX A’ MARY V. BRYANS 
OHIO 10 SOHIO SOHIO 12 SOHIO 
@ @ 
BEN MOELLER 3 7 @. 
@ 
@: @: @3 
EOWIN MOELLER R. S. DAVENPORT 'C’ MARY BRYANS A’ x. 8. COX 
ROWAN OIL R.B.OWINGS | 5 SOHIO 14 AMERADA 13 SOHIO 18 
@2 4 ©: @2 
/ EOWIN MOELLER 
IGS 
@,ROWAN OIL R.B.OWINGS @, ©: ©: Oz @: e Py 
SOHIO 
HUMBLE 
e: © ©: ©: @2 
FRANK SCHWERTNER R_S.DAVENPORT A’ xX. B. COX, ETAL 
STANOLIND 22 STANOLIND 23 STANOLIND 24 SOHIO 19 
ry 


E.P. WILLIAMS, ET AL 


FIG, 7 — GROUPING OF WELLS FOR COMPARISON OF DECLINE OF INITIAL PRESSURE IN 
WELLS WITH DATE OF COMPLETION. 
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FIG. 8— COMPARISON OF INITIAL PRESSURES IN WELLS WITH DATE OF COMPLETION. 


extensive well interconnected system of fractures covering this 
entire area. Since without exception reduced pressures were 
observed in all later drilled wells in each area, many wells 
drilled were unnecessary because they did not connect to 
fractures not already being drained by previously drilled wells. 


Since reservoir pressures were above the saturation pressure 
of the oil until about Dec. 1, 1951, the performance was 
analyzed by the theory of flow compressible fluids by consid- 
ering each well as a point sink in an infinite reservoir of 
uniform thickness, porosity, and permeability, and calculating 
the pressure drawdown at locations of each new well by 
Equation (1).°7 


R: 
QUB 
P,—-P =————— — 4KT 6.32 (1) 
4a KH 1.127 
UCF 
where: 
P, -—Initial pressure, psi 
P  —Pressure at R at time 7 
Q  —Constant production rate, B/D 
U —Oil viscosity, centipoise 
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B —Formation volume factor 

K  —-Effective permeability, darcys 

H —Thickness, feet 

R  —Distance, feet 

G — Weighed average compressibility of oil, 
connate water, and rock 

PF — Porosity, fraction 

T —Time, days 

Ei() — Exponential integral 


1.127, 6.32 — Conversion factors 
Total pressure drawdown is the summation of effects of all 
producing wells using their appropriate production rates, dis- 
tances, times on production, etc. Production from 143 wells 
within three miles of key wells indicated in Figs. 7 and 8 was 
used in calculation of expected initial pressures of 65 wells 
completed by Dec. 1, 1951. 

Because the correct diffusivity factor is unknown and is in 
implicit form in the relation it was necessary to assume vari- 


of 


ous values 


and calculate pressures of each well. 


Deviations between measured and calculated pressures are 
shown for three values of diffusivity in Fig. 9 leading to selec- 


tion of 2.77x 10* as the “best” value of 


K 
based on most 
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Table 3 — Expansibility of Rock, Oil and Water 
Derived from Pressure — Production Analysis 
Upper Spraberry Sand 


Diffusivity 
Expansibility 
UCF Bbl/Acre/Psi 
1.58 x 10° 0.186 
DTS 0.204 
4.75 x 0.197 


uniform distribution of plus and minus errors on the basis of 
both time and geographical distribution. Sixty per cent of 
calculated pressures are within plus or minus 30 psi of meas- 
ured initial pressures of wells, which is very excellent con- 
sidering the working accuracy of pressure gauges in field 
application, difference in clean-up production and build-up 
characteristics of wells and the necessary assumption that all 
wells on each lease had equal production during any particular 
month. 

Average effective permeability in this area was approxi- 
mately 16 md for the 31-ft gross section as determined by this 
analysis, corresponding to productivity index of 0.48 B/D 
per psi and initial potential of 520 B/D. Actual productivity 
indices ranged from about 0.1 to 2.5 initially and initial poten- 
tials ranged from 31 to 960 B/D in this area. This effective 
permeability in millidarcy-feet is also of the same order of 
magnitude as that determined by build-up curve analysis in 
an adjacent area.* Considering the flow to be primarily in 
two sets of equally spaced mutually perpendicular uniform 
fractures permits calculation of average fracture opening by 
Equation (2).° 


12 Kiss 
W — . . . . . (2) 
where 


W — Fracture opening, inch 

K — Effective permeability, darcys 

S —Fracture spacing, inches 
For average fracture spacing of 10 in. corresponding to fre- 
quency of fractures seen vertically in 3.5 in. diameter cores 
the fracture opening is calculated to be 0.0015 in. For 4-in. 
spacing the opening would be 0.0011 in., and for 2-ft spacing 
0.0020 in. These calculated fracture openings compare favor- 
ably with the average opening of 0.002 in. actually observed 
in cores. 


The factor HCF, obtained by elimination of * from Ae 


and 


* in Equation (1), multiplied by 7,758 is combined 


Table 4— Expansibility of Rock, Oil and Water 
Derived from Cores and Subsurface Fluid Samples 
Upper Spraberry Sand 


Unit Gross 


Volume Expansibility Expansion 
_ Bbl/Acre Vol/Vol/Psi Bbl/Acre/Psi_ 
Oil 10,060 0.124 
Water 11,650 On 0.037 
Rock 240,000 1.88 x 10°™* 0.045 
0.206 


*Pore Vol. Change/Bulk Vol/Psi. 
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expansibility of rock and its contained oil and water in bbl 
per acre per psi. Expansibility so calculated is summarized in 
Table 3 for a three-fold range of diffusivity used in the analy- 
sis of the pressure-production performance.. It is significant 
that the calculated expansibility varies only 9 per cent for this 
range and thus little error is introduced even though the 
resolving power of the analysis is not high in selecting the 
most probable value of the diffusivity factor. The correspond- 
ing combined expansibility of rock, oil, and water calculated 
from core analyses and subsurface samples is summarized 
in Table 4. Certainly the almost perfect agreement between 
expansibility calculated from the pressure-production analysis 
and that from the cores is partly fortuitous because data from 
individual core wells have an average deviation of + 15 per 
cent from the mean. But the good agreement of all factors in 
the analysis including calculated individual well pressures, 
calculated permeability and fracture opening versus well tests 
and core measurement, and calculated expansibility of rock, 
oil, and water versus core data must mean these values quite 
accurately represent average conditions in this area of the 
field. Close agreement of expansibility of oil, water and rock 
derived from the analysis with that from cores using only 
sand intervals probably means production comes only from 
the sand and vertical migration through fractures in shale is 
not significant. At least this lack of migration through large 
vertical intervals was confirmed by a large increase in pro- 
duction when nearly depleted upper Spraberry wells were 
deepened to the lower Spraberry. 


Observation of reduced reservoir pressure initially in all 
later drilled wells in each area certainly leads to the conclu- 
sion that there exists an interconnected system of fractures 
tapped by all wells drilled. But the almost perfect agreement 
between combined expansibility of rock, oil and water derived 
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using only production and initial pressures of wells and expan- 
sibility of rock, oil, and water obtained from core analyses 
indicate the chance is nil that the interwell area has untapped 
“islands” of reservoir containing commercially significant 
amounts of oil. Thus additional wells, and for that matter 
many existing wells, are unnecessary to insure that each part 
of the reservoir is permeably connected to some well. 


INTERFERENCE TEST 


In order to continue to observe interference and other fea- 
tures of reservoir performance in the inter-well area, indicated 
initially by reduced reservoir pressure of later drilled wells, 
Sohio Petroleum Co. obtained permission from the Texas 
Railroad Commission to conduct a large scale long time inter- 
ference test. The test area included three contiguous sections 
of land upon which 44 wells almost completed uniform 40-acre 
spacing development. Alternate wells in the center rows were 
shut in and their allowable production transferred to other 
wells on each lease in such manner as to protect correlative 
rights among all leases involved in the test area. The test area 
is outlined in Fig. 10. 


Seven of the wells were shut in throughout the test and had 
reservoir pressure measurements made monthly. Six of the 
shut-in wells had production rate, gas-oil ratio, and flowing 
bottom hole pressure measured after which they were then 
shut in for a 72-hour pressure buildup test. Additional spot 
measurements of reservoir pressure were made after the wells 
had been shut in for one week and for one month. The wells 
were then returned to production for a 48-hour test period 
during which gas and oil production were measured and the 
flowing bottom hole pressure was measured in each well dur- 
ing the last six hours of the test period. The wells were then 
shut in again for 72-hour pressure buildup tests and for spot 
readings of reservoir pressure after shut-in periods of one 
week and one month, etc. Each of the six wells so tested was 
shut in for three successive months each followed by the 48- 
hour production test and pressure tests just described. Shut-in 
wells so tested are illustrated by appropriate symbols in 
Fig. 10. 


To provide a basis for evaluating the observations in the 


shut-in wells, various tests were made in regularly producing . 


wells. Seventy-two hour shut-in pressures were measured at 
monthly intervals in six regularly producing wells. Production 
rate, gas-oil ratio, and flowing bottom hole pressure measure- 
ments followed by 72-hour reservoir pressure buildup tests 
were conducted at monthly intervals in six additional regu- 
larly producing wells. Wells so tested are illustrated by appro- 
priate symbols in Fig. 10. In addition, oil production rate and 
gas-oil ratio were measured on all regularly producing wells 
in the test area at least once each month. 


Decline in Reservoir Pressure 


Although the reservoir was below the saturation pressure in 
the area during the interference test, reservoir pressure con- 
tinued to decline rapidly due to continued development and 
due to rapidly increasing gas-oil ratios. Pressure data of the 
shut-in wells and of the producing wells are presented graphi- 
cally in Fig. 11 with appropriate symbols to designate test 
program of each well. Some of the wells shut in permanently 
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FIG. 11 — COMPARISON OF DECLINE IN RESERVOIR PRESSURE, SHUT- 
IN WELLS VS REGULARLY PRODUCING WELLS. 


showed build up in reservoir pressure for a short time, but 
soon all shut in wells demonstrated significant decline in 
reservoir pressure at these points 1,320 ft from any producing 
well. In wells shut in except for 48-hour production tests 
monthly, the reservoir pressure built up to a maximum and 
then declined within each 30-day shut-in period. Only the 
30-day shut-in pressures of these wells are included in Fig. 12. 
These wells also demonstrated significant decline in reservoir 
pressures at points in the reservoir 1,320 ft from regularly 
producing wells. Shut-in wells had approximately the same 
rate of pressure decline as did the producing wells and none 
of the shut-in wells failed to indicate some significant decline 
in pressure. During March and April, 1952, the pressure 
declined about 3 psi per day. During May and June, 1952. 
the rate of decline of reservoir pressure was reduced to about 
2 psi per day due to curtailed production during the oil strike. 

Reservoir pressures in the test area covered a range of 
some 500 psi due partly to difference in date of development 
of various areas and due partly to variations in density of 
drilling surrounding particular wells. Thus wells on the 
Davenport “B” lease drilled earlier and most completely sur- 
rounded by areas approaching complete development on a 
uniform 40-acre spacing pattern reflect the lowest reservoir 
pressure. Such regional variation in reservoir pressure makes 
it difficult to determine lag of pressure decline in the inter- 
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well area behind that of the area close to the producing wells. 
One good example, however, is Davenport B-11 which had 
been shut in long before the test program started. Five of the 
eight surrounding wells had 72-hour shut-in pressures meas- 
ured in March, 1952. Average of these pressures was 1,725 psi 
or about 40 psi below the 1,765 psi pressure of Davenport 
B-11 when all pressures were corrected to a common date. 

These data show that, on the average, the pressure declined 
in shut-in observation wells 1,320 ft from any producing well 
at almost exactly the same rate as it did in the producing 
wells. As should be expected, the pressure in the shut-in wells 
was slightly higher than in the nearby producing wells but 
this lag which ranges at most up to 200 psi indicates depletion 
of the area of shut-in wells lagged only a few weeks behind 
the depletion of the area near the producing wells. 

Most of the observations of lower initial pressures in later 
drilled newly completed wells were made while reservoir 
pressure was above or very near the saturation pressure of the 
formation oil. Under those conditions large pressure changes 
occurred with removal of quite small volumes of oil due to the 
expansibility of oil above the saturation pressure. These obser- 
vations during the interference test have shown that without 
exception production from wells has continued to affect reser- 
voir conditions at points up to at least 1,320 ft away from the 
producing wells while the reservoir pressure has declined 
hundreds of psi below the saturation pressure of the formation 
oil. And this occurred during a period when much larger 
amounts of oil and gas must be removed to effect reservoir 
pressure changes due to the much larger expansibility of 
fluids below the saturation pressure. 


Gas-Oil Ratios and Productivity Indices 


In previous discussions of well spacing and recovery efh- 
ciency, proponents of wider spacing have often stated that 
interference between wells demonstrated by changes in _pres- 
sure means efficient recovery of oil over the distance pressure 
drawdown was observed. Opponents of wider spacing have 
argued that reduction of pressure did not necessarily mean 
recovery of oil. The proponents have had to rely on theoretical 
considerations involving assumptions which were not accept- 
able to all concerned. It would indeed be fortunate if methods 
were available by which a well could be drilled and the oil 
content of the reservoir determined accurately. The well could 
then be shut in while other wells are produced and later could 
be resampled to determine oil recovery from the reservoir by 
difference. However, such techniques have not yet been devel- 
oped and it is necessary to rely on indirect observations of 
depletion such as changes in oil productivity and gas-oil ratios 
in shut-in wells compared with such changes as occur in regu- 
larly producing wells to judge relative recovery efficiency. 

As previously mentioned, gas-oil ratios and productivity 
indices were measured for six wells shut in except for a 
48-hour production test each month. Data obtained in the 
series of tests on each of the wells are presented graphically 
in Fig. 12A-F, inclusive. With one exception the reservoir 
pressure in each well reached a maximum and then declined 
during each 30-day shut-in test period, and all of the wells 
had significant decline in pressure from month to month as 
discussed previously. Circled pressure points represent 1, 2, 
3, 7, and 30 days shut-in pressures. In three shut-in wells the 
gas-oil ratio decreased during the first month it was shut in 
and in all six shut-in wells it was higher at the end of the 
four-month test period than it was at the beginning. In five 
of the six shut-in wells the productivity index was higher 
following the first one-month shut-in period than it had been 
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at the beginning of the test. In all of the six shut-in wells the 
productivity index was lower at the end of the three-month 
test period than it was at the beginning of the test. 


During each 48-hour production test of the shut-in wells. 
oil production was gauged for the first 24 hours, the next 18 
hours, and finally for each of the last six one-hour periods. 
Flowing bottom hole pressures were recorded during this last 
six-hour period just prior to shutting in the well for a pres- 
sure buildup test. Gas production was measured throughout 
the 48 hours by orifice meters. Production data and gas-oil 
ratio calculated for the first 24 hours, the next 18 hours, and 
the last six hour periods included in Fig. 12A-F, inclusive, 
show that oil production declined generally and gas-oil ratio 
increased generally for each of the wells such that 48 hours 
was insufficient for the wells to be completely stabilized. Thus 
actual changes in productivity and gas-oil ratios in these shut- 
in wells probably were more severe than the 48-hour tests 
indicate. Additional gas-oil ratio and oil production tests were 
made within one to two weeks after the wells had been 
returned to regular production and four of the six wells 
showed further significant increase in gas-oil ratio. Data of 
these latter tests are included in each well performance chart. 


Results obtained in six regularly producing wells tested for 
comparison are presented in Fig. 13A-F, inclusive. These 
charts show the oil production rate, gas-oil ratio, and produc- 
tivity index data along with the flowing pressure and static 
reservoir pressure measured after 24 hours, 48 hours, and 72 
hours shut-in periods. These 72-hour shut-in pressures, sum- 
marized in Fig. 11, were discussed previously. Gas-oil ratios 
of all six of these regularly producing test wells increased 
during the period and productivity indices of all six of these 
wells declined significantly throughout the test period. 

Productivity indices of all shut-in and regularly producing 
test wells are summarized in Table 5. The tabulation includes 
ratio of the last test to the first test of each well to illustrate 
relative decline in productivity. For the regular producing 
wells this ratio averaged 0.56 representing 44 per cent decline 
in productivity during a two month period. For the shut-in 
test wells this ratio averaged 0.66 representing 34 per cent 
decline in productivity. As mentioned in discussion of well 
performance records in Fig. 12A-F these shut in test wells 
were still declining in production at the end of the 48-hour 
test following each one-month shut-in period. The last three 
tests were not comparable to the stabilized test following 
regular production before the well was shut in but they should 
be comparable to each other since all were measured at com- 
parable times on production. For the group of shut-in wells 
the ratio of last productivity index to that measured after the 
first one-month shut-in period averaged 0.54 representing 46 
per cent decline during a two-month period during which only 
enough oil was produced to test the wells. Production of these 
six wells during the 48-hour tests totalled less than 2 per cent 
of production from the four leases involved and average pro- 
duction of each of the shut-in wells was less than 10 per cent 
of average production of each of the regularly producing 
wells during the test period. 

Reservoir pressure declined about 150 to 185 psi during the 
test and the corresponding increase in viscosity of oil should 
have been about 10 per cent from 0.82 to 0.90 cp. Thus, only 
10 per cent of the 45 per cent decline.in productivity index is 
attributable to changes in oil viscosity and the remaining 35 
per cent must be due to actual reduction of oil saturation in 
the reservoir. Since over three-fourths of the decline in pro- 
ductivity index observed is due to reduction in oil saturation 
and since the same percentage decline in productivity index 
occurred in shut-in wells as did in regularly producing wells. 
it can only be concluded that a well in the Spraberry effects 
recovery of oil as efficiently at points in the reservoir at least 
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Table 5— Decline in Productivity Index 


Shut-In Wells 


Tested Monthly 


Productivity Index — Bbl/Day/Psi Rati June Test | iy So June Test 
_Mareh* April** May** June** March Test April Test 
Davenport C-6 0.187 0.248 0.150 0.114 0.61 0.46 
Davenport C-8 0.235 (0).269 0.185 0.176 0.75 0.65 
Davenport B-5 0.134 0.157 0.098 0.077 0.57 0.49 
Davenport B-7 0.105 0.158 0.073 0.093 0.88 0.59 
Cox A-4 0.160 0.140 0.099 0.087 0.54 0.62 
Bryans A-2 0.59 0.82 0.32 0.36 0.61 0.44 

Average 0.66 0.54 
Wells Produced Regularly 

Productivity Index — Bbl/Day/Psi May Test 

Well ~Mareh “April May Ratio “March Test 
Davenport C-5 0.163 0.073 0.043 0.26 
Davenport C-10 0.219 0.133 0.111 0.51 
Davenport B-8 0.120 0.088 0.070 0.58 
Davenport B-14 0.056 0.044 0.036 0.64 
Cox A-5 0.365 0.202 0.152 0.42 
Bryans A-] 0.52 0.45 0.49 0.94 
Average 0.56 


*Test taken after regular production before well shut-in. 
**Test taken last 6 hours of 48-hour production test following one month 


1,320 ft from the well as it does from points near the well 
itself. 

Since gas-oil ratios in the Spraberry have increased rapidly 
after the reservoir pressure declined below 1,600-1,700 psi, it 
is best to compare gas-oil ratios of the shut-in wells with those 
of the producing wells at common pressures rather than at 
common dates. Gas-oil ratios of the six regularly producing 
wells having productivity index tests and the gas-oil ratios of 
the six shut-in test wells are plotted versus 72-hour shut-in 
reservoir pressure in Fig. 14. The last gas-oil ratio point for 
each shut-in well plotted at the lowest reservoir pressure rep- 
resents the test one to two weeks after the well had been 
returned to production. It is included because it represents 
more stabilized production than do the other measurements 
made during the 48-hour production tests following each one- 
month shut-in period. Similarly the last gas-oil ratio point for 
each of the regularly producing wells represents a test in 
June, 1952, most nearly corresponding in date to the last tests 
of the shut-in wells. 

Although gas-oil ratios of individual wells varied irregularly 
during the test, there is good general agreement between the 
trend of gas-oil ratios of shut-in wells and the trend of gas-oil 
ratios of regularly producing wells. This is particularly true 
when it is recalled that shut-in wells were not stabilized within 
the 48-hour production test following each one-month shut-in 
period. This is best illustrated by Davenport B-5 and Daven- 
port B-7 wells, whose gas-oil ratios increased from 3,364 to 
13,077 cu ft per bbl and from 2,414 to 9,160 cu ft per bbl, 
respectively, within one to two weeks after the wells had been 
returned to regular production. These compare with gas-oil 
ratios 14,250 cu ft per bbl for Davenport B-8 and 11,130 cu ft 
per bbl for the Davenport B-14 at approximately the same date. 

Since change in gas-oil ratio is an index of depletion of oil 
and since approximately the same changes in gas-oil ratios 
occurred in the shut-in wells as did in the regularly producing 
wells, it can only be concluded that oil saturation was reduced 
by substantially the same amount in the vicinity of the shut-in 
wells as it was in the vicinity of the producing wells. 

These various comparisons of performance of shut-in wells 
with performance of nearby producing wells have shown by 
three indices of depletion, decline in reservoir pressure, decline 
in productivity index, and increase in gas-oil ratio, that sub- 
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shut-in period. 


stantially the same reduction in oil saturation was occurring 
in the vicinity of the shut-in wells as was occurring in the 
vicinity of the producing wells. These detailed tests were con- 
ducted in an area drilled on a uniform 40-acre spacing pat- 
tern so the tests of shut-in wells are limited to points 1,320 ft 
from some regularly producing well. But the previous obser- 
vations of reduced pressure in newly completed wells in this 
same area included many step out developmental wells 1,870 ft 
from any producing well and one over half a mile from any 
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producing well. There is no reason to believe reduction in pro- 
ductivity index and increase in gas-oil ratio would be limited 
to distances of 1,320 ft when reductions in reservoir pressures 
have occurred over much greater distances. From these various 
observations, it can only be concluded that one well can effect 
recovery of oil from an area of at least 160 acres in the Spra- 
berry Trend as efficiently as could many wells drilled on the 
same tract. 


GENERAL RESERVOIR PERFORMANCE 


Production History 


This extensive program of obtaining cores, subsurface oil 
samples, initial pressures of each well and the conduct of an 
extensive interference test in this area has yielded the most 
complete record of performance of any area in the Spraberry 
Trend. History of oil production, gas-oil ratio, and reservoir 
pressure of the 16-well Davenport “B” lease covering Section 
2 in this area is presented in Fig. 15. Production began in 
August, 1951, and reached a maximum in January, 1952, 
when full development on a 40-acre spacing pattern had been 
completed. During this period average reservoir pressure de- 
clined from 2,350 psi initially to about 1,900 psi and gas-oil 
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IN FRACTURES. 


ratios remained below 1,000 cu ft per bbl at or near the 
solution ratio. Cumulative recovery was 170,000 bbl, or 265 
bbl per acre. Production declined sharply in March due partly 
to some wells being shut in for the test program just described 
and due partly to some wells being dead and shut in for 
installation of gas lift equipment. Radical changes in reservoir 
conditions caused production to continue to decline sharply 
through June when it averaged only 25 bbl per well per day 
even though additional wells were returned to production each 
month, In February gas-oil ratios started to increase rapidly 
such that by June the average gas-oil ratio for the lease was 
about 9,500 cu ft per bbl and ratios for some wells were as 
high as 30,000 cu ft per bbl. Reservoir pressure had declined 
to about 1,400 psi in June and cumulative lease production 
was only 280,000 bbl, equivalent to 17,500 bbl per. well or 
440 bbl per acre. Four wells on the lease were deepened to 
the lower Spraberry, accounting for the increase in production 
and decrease in gas-oil ratio in July, 1952. Extrapolation of 
production decline from the upper Spraberry alone on this 
lease would not indicate future production to be a large per- 
centage of past production, and this points to very low ulti- 
mate recovery in barrels per acre and in percentage of oil in 
place initially. 

Other leases in the test area have experienced the same type 
decline in oil productivity and increase in gas-oil ratio, 
although such changes have lagged slightly behind that of 
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the Davenport “B” lease due partly to later development and 
due partly to the Davenport “B” lease being most completely 
surrounded by areas of complete development on the 40-acre 
spacing pattern. 


Decline in Well Productivity 


Many factors affecting production change very rapidly in 
the Spraberry, as indicated by the decline in production of 
this typical lease and by the decline in productivity indices of 
various test wells in the interference program. For example, 
one well near the test area had a productivity index of 0.46 
B/D per psi in a test taken within a few days after completion 
of the well. Two months later in a second test the produc- 
tivity index declined from 0.23 to 0.09 B/D per psi in a 
14-day test while the gas-oil ratio was still less than 1,000 cu 
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ft per bbl. Such decline in productivity is much greater than 
that corresponding to normal relative permeability - saturation 
relations. 

Since the fracture openings are paper thin, gravity segrega- 
tion of oil and gas may be very incomplete — particularly in 
the vicinity of the wells where velocities are highest, where 
considerable additional gas is being continually released from 
solution as the fluids flow into the area of reduced pressure. 
and where the converging flow concentrates pressure loss due 
to friction. With complete segregation of oil and gas in uni- 
form fractures the relative: permeabilities to oil and gas would 
correspond ideally to the relative saturations in the fractures 
(diagonals of a permeability - saturation plot). With no segre- 
gation in the fractures, gas would be transported as bubbles 
dispersed in the oil phase and the friction effects would be 
about the same as if only oil were present. Relative permea- 
bility to oil would correspond to the fractional composition of 
oil in the flowing mixture and relative permeability to gas 
would haye no meaning in the normal concept of permeability. 

Theoretical productivity index was calculated for each test 
of the wells in the interference test program both for the case 
of complete segregation of oil and gas in the fractures and 
for the case of no segregation of oil and gas using relative 
permeability - saturation relations just previously defined and 
using Equation (3) developed by Evinger and Muskat.'® 


P: 


where: 

PI Productivity index 

K, Specific permeability 

H_ Thickness 

K,, Effective permeability to oil 

P, Static reservoir pressure 

P, Flowing bottom hole pressure 

Oil viscosity 

B Formation volume factor 

r. Drainage radius 

ry Well radius 
Initial productivity indices of these test wells were calculated 
from initial potential tests, measured initial shut in reseryoir 
pressures, and flowing bottom hole pressures estimated from 
a simple linear average of tubing pressure versus flowing bot- 
tom hole pressure from 16 tests of other new Spraberry wells. 
Error in flowing bottom hole pressure is estimated to have 
been less than 100 psi, and pressure drawdown was greater 
than 500 psi in all but one of the 12 test wells. Actual relative 
productivity indices, using these as starting points, and theo- 
retical relative productivity indices for 23 tests of the 12 wells 
are plotted versus gas-oil ratio in Fig. 16. Assumption of no 
segregation of oil and gas in the fractures gives approximately 
ten times closer agreement with the actual productivity tests 
than does assumption of complete segregation of oil and gas 
in the fractures. At gas-oil ratios greater than 5,000 cu ft per 
bbl actual productivity is consistently greater than that calcu- 
lated assuming no segregation of oil and gas in the fractures 
but still many fold less than that assuming complete segrega- 
tion. Some deviation is not surprising because oil volume frac- 
tion of the flowing gas-oil mixture is less than 10 per cent and 
at least some segregation should be expected. 

In addition to explaining the abnormal decline in produc- 
tivity of Spraberry wells this analysis has one very practical 
application in considering installation of artificial lift to in- 
crease production rate of flowing wells. This theory indicates 
only nominal increase in production by lowering flowing bot- 
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tom hole pressure from say 500 psi to 100 psi when the well 
is capable of flowing steadily at the higher pressure. Many 
wells tested under these conditions have flowed at substantially 
the same rates as they could be pumped. 


Gas-Oil Ratio, Pressure and Recovery 


Individual gas-oil ratios of the various wells on the test 
leases are plotted versus reservoir pressure in Fig. 17. Gas-oil 
ratios remained at or near the solution gas-oil ratio until the 
pressure declined below 1,900 psi. With further reduction in 
pressure they then increased rapidly and averaged about 
11,000 cu ft per bbl at 1,250 psi reservoir pressure. Gas-oil 
ratios of many wells in the test area have increased further 
to the range of 20,000 to 80,000 cu ft per bbl at reservoir 
pressure in excess of 900 psi although insufficient pressure 
data are available to plot the trend accurately. 

Because of the rapid changes in Spraberry wells and dif- 
ferences in depletion of the wells, the relation between pres- 
sure decline, gas-oil ratio, and cumulative recovery cannot be 
accurately determined simply by averaging lease data. Such a 
comparison can be made, however, by material balance 
methods using the gas-oil ratio - pressure trend in Fig. 17, and 
the properties of the reservoir oil in Fig. 6. Calculations of 
percentage recovery of oil were made for increments of pres- 
sure decline such that gas-oil ratio corresponded to the average 
in that pressure range and the material balance was satisfied. 
Results of these calculations are presented in Fig. 18, which 
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shows calculated gas-oil ratio and pressure versus percentage 
recovery of oil in place initially. The solid line corresponds 
with the gas-oil ratio - pressure trend in Fig. 17 and the dashed 
line corresponds with extrapolation of the gas-oil ratio trend. 

This relation between pressure and oil recovery per cent 
permits an approximate indirect material balance estimate of 
oil in place initially in the main upper Spraberry sand in the 
test area. Recovery percentages corresponding to May 20, 
1952, reservoir pressures of 18 wells in the three-section test 
area range from 2.45 per cent to 6.65 per cent and averaged 
5.72 per cent. Combining this recovery percentage with oil in 
place initially in the main upper Spraberry sand indicates 
expected recovery of 360 to 415 bbl per acre by May 20, 1952, 
depending upon whether net sand oil content or gross sand oil 
content is applicable. Actual recovery of the four leases to 
that date totalled 735,000 bbl, or 418 bbl per acre on the 
basis of 40 acres per well. 

The comparison cannot be exact because analytical methods 
have not yet been developed which will account for the com- 
plex flow behavior when the reservoir is below the saturation 
pressure and both free gas and oil are present. Equalization 
of pressure between the undeveloped area and the test area 
should be much slower than that observed in newly completed 
wells during development when the reservoir was above the 
saturation pressure. Reduction in effective permeability to oil, 
demonstrated by the two-fold reduction in productivity indices 
of wells in the interference test, and seven-fold increase in 
expansibility of the oil-gas mixture when the pressure declines 
below the saturation pressure should reduce this rate of pres- 
sure equalization. 

Considering these factors, the agreement between the ex- 
pected recovery and the actual recovery is good. Not only 
does this mean that the pressure-recoyery relation in Fig. 18 
reasonably represents basic performance of the Spraberry, but 
it also re-affrms the previous conclusion that the fracture 
system provides permeable contact with all reservoir blocks 
containing oil. Thus “islands” of reservoir rock containing 
commercial quantities of oil do not remain untapped by frac- 
tures in the inter-well area. 


Unique Reservoir Performance 


The relations between gas-oil ratio, pressure, and oil recoy- 
ery percentage in Fig. 18 show that gas-oil ratios had in- 
creased significantly above the solution ratio when only 3 or 
4 per cent of the oil in place had been recovered and that 
they had increased to about 12,000 cu ft per bbl when less 
than 7 per cent of oil in place had been recovered. Such trend 
to very high gas-oil ratio at very low percentage recovery of 
oil is not the performance normally expected in sandstone 
reservoirs where recoveries are often 15 to 25 per cent of oil 
in place before high average gas-oil ratios are reached. This 
performance of the Spraberry results from the unique proper- 
ties of the reservoir, including the exceedingly fine grained 
low permeability matrix and the high degree of fracturing. 
With such conditions, retention of oil within the pores of the 
rock due to unbalanced capillary forces, well known as end 
effects in laboratory fluid-flow experiments, is important. 
Normally this end effect, which may be expressed as a capil- 
lary pressure difference, is at most a few psi and it is unim- 
portant when compared with total pressure difference from a 
distant point in the reservoir to the well bore where the oil 
and gas must flow the entire length through chains of pores. 
In the Spraberry where the reservoir rock is divided into seg- 
ments a few inches to a few feet in size, the total pressure 
gradient from the center of a block to the fracture face is of 
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FIG. 19 — EFFECT OF RATE OF PRESSURE DECLINE ON FINAL SATURA- 
TION (SMALL CORE TESTS). 


the same order of magnitude as the force of capillary retention 
and lower recoveries of oil result. The inter-relation between 
permeability, flow rate, capillary pressure, fluid properties, 
etc., is complex but the characteristic performance of small 
samples of reservoir rock is illustrated by an experiment con- 
ducted by Botset and Muskat, reported in 1939.** These inves- 
tigators performed experiments in which a small core filled 
with gas-saturated oil was allowed to produce by pressure 
depletion at different rates in successive experiments. Results 
of these experiments are summarized in Fig. 19, which is a 
plot of residual oil saturation versus rate of pressure decline. 
With pressure decline of 600 psi per minute, the residual oil 
saturation was 67 per cent of pore space. At successively 
lower rates of pressure decline, the residual oil saturation was 
higher until the pressure decline rate reached about 1.5 psi 
per minute. Below this rate of production, recovery was inde- 
pendent of rate within experimental limits of accuracy. At 
high rates of production, the pressure gradient within the 
core was sufficient largely to overcome the capillary retention 
of oil. At lower rates of production, the pressure gradient was 
less and effects of capillarity were more pronounced. At very 
low rates of production, a certain minimum oil recovery was 
attained regardless of production rate. This latter phenomenon 
is due to necessity of removal of enough oil so that gas bubbles 
forming within individual pores could grow in size to connect 
with gas bubbles in adjacent pores such that it could flow 
readily out of the core. When this equilibrium saturation had 
been reached the gas flow rate was low enough that the viscous 
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drag of gas on oil was insuthcieni to overcome the capillary 
retention and no more oil was produced. 

Since the relation between the various factors involved are 
very complex and many of them not known quantitatively for 
the Spraberry, similar laboratory experiments were performed 
directly upon a Spraberry core sample. A core 2 in. in diam- 
eter and 6 in. in length was machined to fit closely a steel 
cylinder. The core containing 28.5 per cent water saturation 
was placed in the cell and filled with gas-saturated Spraberry 
oil from a subsurface sample. Gas and oil were removed from 
the core at such a rate to result in pressure decline of about 
200 psi per minute. The core was removed and oil saturation 
determined to be 2 per cent by difference in weight between 
the core with its residual oil and water saturation and the 
weight of the core with its initial water saturation. Oil recov- 
ery was calculated to be 52 per cent of oil in place initially 
in the core. 

After being cleaned, the same core containing 13.4 per cent 
water saturation was replaced in the cell and again filled with 
gas-saturated Spraberry crude oil. Withdrawal of fluids was 
slowed to a constant rate of pressure decline of about 100 psi 
per day. Residual oil similarly determined by weight differ- 
ence was 57.5 per cent of pore space and the oil recovery 
similarly calculated to be 7 per cent of oil in place initially. 
Data for both tests are summarized in Table 6. Practically all 
production of oil occurred before pressure declined to 1,000 
psi. Thereafter only gas was produced. 

Pressure decline of 100 psi per day in the slower experi- 
ment reported is some 30 to 100 times faster than the reservoir 
pressure decline rate in presently developed areas of the Spra- 
berry Trend, which is of the order of 1 to 3 psi per day. 
Recovery performance of fracture blocks of size and proper- 
ties similar to that used in the laboratory experiment should 
certainly be no better than that of the laboratory core. In 
addition, recovery performance of blocks a few feet in size 
at pressure decline rates of the order of 1 to 3 psi should be 
about the same as that observed in the laboratory core test 
at a pressure decline rate of 100 psi per day. This is based 
on assumption from theory of relative permeability and capil- 
larity that similar end effects occur in different sized blocks 
when production rates are such that total pressure drop from 
the center to the face of the block is the same in all blocks. 
Frequency of fractures and opening of fractures observed in 
cores coupled with determination of reservoir permeability 
from analysis of the pressure-production relation indicates 


Table 6 — Results of Laboratory Experiments 
Pressure Depletion of Oil Saturated Spraberry Cores 


CORE PROPERTIES 


Porosity 8.15% 

Permeability 1.1 md 

Size 2.18” diam.x 6.1” length 
TEST NO. 1 

Simulated Connate Water Saturation 28.5 % 

Saturation Pressure of Crude Oil 2000 Psi 

Average Rate Pressure Drawdown 200 Psi/ Min. 


Residual Oil Saturation by Weight Difference 25 % 
Calculated Oil Recovery — Per cent 


of Oil in Place Initially 52 % 
TEST NO. 2 

Simulated Connate Water Saturation 13.4 % 
Saturation Pressure of Crude Oil 1990 Psi 
Average Rate of Pressure Drawdown 100 Psi/Day 
Residual Oil Saturation by Weight Difference 51.5 % 
Calculated Oil Recovery — Per cent 

of Oil in Place Initially TAEG 
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FIG. 20 —GAS-OIL RATIO VS RESERVOIR PRESSURE, PERIODIC INDI- 
VIDUAL WELL TESTS. E. D. BERNSTEIN LEASE, R. W. CLARK LEASE, 
R. PEMBROOK LEASE, PEMBROOK FIELD, UPTON COUNTY, TEX. 


fracture blocks are probably in this size range, and it appears 
that this recovery mechanism greatly influenced by capillary 
retention is the proper explanation of early trend to high gas- 
oil ratios and very low percentage recovery of oil in place 
indicated by performance to date in the Spraberry. 

Since most Spraberry wells have been produced at near 
capacity and very low recovery percentage is indicated even 
in the areas of 40-acre spacing, no practical method exists by 
which the rate of pressure decline could be greatly accelerated 
to achieve more eflicient natural recovery. 

The possibility that recovery is affected by production rate 
in the Spraberry cannot be ruled out on the basis of the two 
Spraberry core tests by analogy to the Botset-Muskat experi- 
ments. However, a portion of the Pembrook Field was deyel- 
oped on uniform 80-acre spacing. With proration based on 
40-acre units, the production rate per acre in this portion of 
the Pembrook Field has been half the production rate per 
acre of the portion of the Driver Field drilled on 40-acre 
spacing, which has been discussed in this paper. Relation 
between gas-oil ratio and reservoir pressure for this portion 
of the Pembrook Field is presented in Fig. 20. 

Core analyses, oil characteristics including solubility, shrink- 
age and saturation pressure, and reservoir pressure initially 
in this area of the Pembrook Field were very similar to those 
in the Driver Field. Comparison of data in Fig. 20 with that 
in Fig. 17 shows the relation between gas-oil ratio and pres- 
sure—and thus recovery efficiency —are substantially the 
same for the 80-acre spacing area and the 40-acre spacing 
area. In addition oil recovery per acre attained when reservoir 
pressure had declined to 1,650 psi was about the same in both 
areas. These factors demonstrate reduced withdrawal rate per 
acre should have no adverse effect on ultimate recovery if the 
remainder of the field is developed on wider spacing. 


Applicability to Entire Field 


Reservoir performance data included in this paper come 
entirely from the two areas outlined. However, reservoir con- 
ditions and reservoir performance are qualitatively similar to 
this throughout the Spraberry Trend. Those readers interested 
in any other particular area are referred to the testimony pre- 
sented by W. O. Keller at the recent hearing on the Spraberry 
Trend.'” This includes summaries of core analyses, subsurface 
sample analyses, potentials and productivity indices of wells, 
examples of reduced reservoir pressure in later drilled wells, 
decline curve estimates of ultimate recoveries, etc., for various 
areas in the field. 
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CONCLUSIONS 


1. Spraberry oil is stored primarily in pores of sand matrix 
of very limited section. Paper-thin vertical fractures pro- 
vide flow channels for oil in this extremely low permea- 
bility reservoir. 

2. That a well can deplete an area of at least 160 acres in the 
Spraberry as efficiently as could many wells in the same 
area was confirmed by direct experiment in the field. 

3. Capillary “end effects” in the small fractured blocks of 
rock limit recovery to only a few per cent of oil in place 
initially. 
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PENNSYLVANIA STATE COLLEGE, STATE COLLEGE, PENNSYLVANIA 


ABSTRACT 


Glass beads have been surface treated with Dri-film to 
render them oil wet by n-octane to varying degrees, and 
capillary desaturation curves have been determined by the 
restored state method. ‘The desaturation curves show a regular- 
ity of increasing displacement pressures as the oil wetness in- 
creases. This has been used to compute apparent contact 
angles between n-octane and water on glass. The family of 
desaturation curves also shows a regular crossover, such 
that the residual wetting liquid saturation values are in 
reverse order to the displacement pressures. A semi-logarith- 
mic variation is shown between the apparent contact angle 
and the residual saturation. The desaturation data are inter- 
preted to mean that the wetting liquid ceases to be a con- 
tinuous phase within individual pores before the capillary 
pressure can be raised sufficiently to force out the wetting 
phase completely. The saturation of wetting liquid at which 
this break in liquid continuity occurs is higher as the oil 
wetness decreases. 


INTRODUCTION 


The petroleum industry has for some time been using 
measurements of capillary pressures on porous media for 
research correlations and engineering calculations. It has been 
generally recognized that the capillary desaturation curve 
reflects the character and arrangement of the pores within 
the media and the distribution of fluids within the pores. 
Methods have been proposed for computing pore size dis- 
tributions, tortuosity factors, and relative permeabilities from 
capillary desaturation data."** 

There is little doubt that the interactions between porous 
rocks and their contained fluids resulting from surface forces 
play a dominant role in determining the magnitude and di- 
rection of capillary pressure measurements. There have been 
attempts to introduce as variables two quantities — inter- 
facial tension and contact angle — generally used to char- 
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acterize surface forces, but in spite of the wide interest in 
these quantities as important variables, few definite conclu- 
sions have been drawn concerning their qualitative or quan- 
titative significance. 


INTERFACIAL TENSION 


The interfacial tension appears in a capillary pressure func- 
tion given by Leverett for correlating capillary desaturation 
type curves.’ Use of the interfacial tension in this function 
seems to be justified by other experiments reported.”** 
Apparently, interfacial tensions have little bearing on wetting 
phase residual by desaturation.”” 


CONTACT ANGLE 


The contact angle was utilized as a variable by Bartell and 
co-workers””* in tests on displacement pressures, later rec- 
ognized as the initial point of capillary desaturation. A]- 
though Leverett did not include contact angle in his original 
formulation of the capillary pressure function, later workers 
suggested its addition.* Few reports are available to show 
variation of residual liquid with contact angle as a result of 
capillary desaturation.° 

The problems attendant to measuring contact angle within 
a porous medium are great. As a consequence of the lack 
of a concrete approach to a measurement, the workers in 
this area of research have adopted the general expression 
of “wettability” to indicate the relative position of two liquids 
saturating a porous body. It has been shown that gross meas- 
urements on porous systems, including capillary desatura- 
tions, are sensitive to wettability. 

Attempts at giving a scale to wettability in terms of contact 
angle through capillary desaturation curves have been made 
and these apparently are steps in the right direction.*’*°™ In 
these attempts presence of many other variables precludes 
attainment of exactness. Also, as a result of other variables, 
it has been impossible to correlate changes in apparent con- 
tact angle with changes in other physical measurements of 
the systems in question. 

The present work is an attempt to eliminate as many 
variables as possible in measuring capillary desaturations 
resulting from changes in contact angle within a porous 
medium. 
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EXPERIMENTAL METHOD 


The experiments consisted of determining the capillary 
desaturation of n-octane by water on a series of packs of 
glass beads which had been rendered partially oil wet by 
treatment with silicones. Capillary desaturations were made 
by the restored state technique. 

Weyl and his associates”’’™ at the Pennsylvania State 
College have investigated the wettability of glass surfaces 
extensively. They state that all clean glass surfaces are hydro- 
phillic; however, they can be made water repellent. The 
surface layer of a glass may be considered to be a silica 
gel which is negatively charged. Hydrophobicity may be im- 
parted to the glass by the absorption of one of the positively 
charged heavy metal ions, by the absorption of an organic 
amine, by the absorption first of the positive ferrous ion 
and then treatment with the negatively charged ion of one 
of the metallic soaps, or by a basic exchange reaction. Most 
of the absorption phenomena reported by the authors are 
not permanent but will reverse in the presence of water or 
hydrocarbon. A permanent water repellency can be achieved 
by treatment of the glass with one of the organo-silane 
chlorides or organo-siloxane polymers. Experiments with mem- 
bers of each group have been reported by Spitze and Rich- 
ards who show that the magnitude of the water-glass contact 
angle will vary with temperature of the heat treatment, 
length of the heat treatment, type of glass and concentration 
of the surface treatment. This type of treatment seemed to 
be ideally suited to the purpose of this study because it 
simulated the adsorption of compounds from crude oil upon 
a silica (sand) surface. 

A series of preliminary tests was run to determine the 
concentration of organosilane chloride to be used in order 
to effectively cover the range from complete water wettability 
to the maximum water repellency obtainable with the agent. 
Glass Capillary tubes of a given inside diameter were treated 
as follows: 


1. Immersed in Chromic acid cleaning solution for one 
minute, rinsed with distilled water, dried at 200°C for 
five minutes, cooled to room temperature in a dessicator. 


HEIGHT OF WATER RISE IN A DRI-FILMED GLASS CAPILLARY TUBE - CM. 
[ 
| 
| 
| 
| 
| 
| 
| 
T 


005 i 10 10 
CONCENTRATION OF GE. ORI-FILM 9992 IN TOLUENE — % 


FIG. 1 — HEIGHT OF WATER RISE IN A DRI-FILMED CAPILLARY TUBE 
VS THE CONCENTRATION OF DRI-FILM SOLUTION NECESSARY. 
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FIG. 2— CAPILLARY PRESSURE APPARATUS. 


2. Immersed in solution of G. E. Drifilm 9992 for 15 sec- 
onds, rinsed once in naphtha, drained and dried at 200°C 
for 15 minutes, cooled to room temperature in air. 


Sections of capillary were treated with solutions of G. E. 
Drifilm in toluene at concentrations of 3.16 per cent, 1.00 
per cent, 0.3 per cent, 0.10 per cent, 0.05 per cent and 0.01 
per cent. One capillary was cleaned but was not treated 
with silicone. One end of each of the tubes was placed into 
a tray filled with distilled water and the heights of water 
rise in the capillaries were measured above the free water 
level in the tray. The water rise, which is a measure of the 
glass wettability by water, is plotted vs log of the silicone 
concentration in Fig. 1. The correlation showed that Drifilm 
concentrations in toluene of .01 per cent, 0.1 per cent and 1.0 
per cent would effectively cover the range of wettability pos- 
sible with this type of treatment. 


A supply of glass spheres within the limits of a .0035- 
.0041 inches diameter were cleaned in the same manner as 
had been the capillary tubes. A quantity of the clean beads 
was poured into each of the prescribed solutions of Drifilm 
and stirred for one minute, after which they were filtered 
and dried at 200°C for 30 minutes. The beads were cooled 
to room temperature and were then ready for packing. Another 
quantity of beads was treated with 10 per cent Drifilm in 
toluene and dried at 200°C for 60 minutes. 


A Buchner funnel containing a fritted glass disc of ultra 
fine porosity was used as the displacement cell. The glass 
disc was made hydrophobic by treatment with Drifilm and 
was then saturated with n-octane. A small amount of thick 
hydrophobic paste, made with a drifilmed powdered silene 
and n-octane, was spread over the surface of the saturated 
glass disc. Ten milliliters of n-octane were then placed in 
the funnel and the treated beads were added slowly while 
the funnel was rotated and jarred. Beads were added until 
no free liquid was visible at the top of the pack. Addition 
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of one or two drops of n-octane would cause free liquid 
to reappear so that it was believed the packs were within 
one per cent of being 100 per cent saturated. 


A 400 wire mesh gauze and perforated Lucite disc, held 
in place by a spring as shown in Fig. 2, held the packed 
beads in place and permitted the cell to be inverted so that 


the heavier displacing liquid (water) was on the bottom of 
the cell. 


Saturations of the packed beads during desaturation were 
computed from the volumetric displacement of n-octane, 
measured in a pipette as the displacing pressures were 
increased. 


Capillary desaturation curves were obtained for (1) clean 
glass beads, (2) beads treated with 0.01 per cent, 0.10 per 
cent and 1.0 per cent Drifilm in toluene and dried at 200°C 
for 30 minutes, (3) beads treated with 10 per cent Drifilm 
in toluene and dried at 200°C for 60 minutes, and (4) beads 
soaked for three days in Surfax W. O. and dried before 
saturation. (Surfax W. O. is a highly sulfated fatty ester 
made by E. F. Houghton and Co.) 


The capillary desaturation curves are shown in Fig. 3. 
The clean beads were apparently somewhat dirtied by stand- 
ing 24 hours because a slight positive displacement pressure 
was recorded. As anticipated, the beads soaked in Surfax 
W. O. required no positive displacement pressure; rather, the 
water was imbibed at zero applied pressure. The treated 
beads indicate a family of capillary desaturation curves which 
vary in a regular manner. Inasmuch as the beads treated 
with 10 per cent Drifilm were heated longer than the others 
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FIG. 3—CAPILLARY DESATURATION CURVES; CAPILLARY PRESSURE 
VS WETTING PHASE SATURATION. 
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FIG. 4—N-OCTANE-WATER- GLASS CONTACT ANGLE IN PACKED 
BEADS (CALCULATED APPARENT CONTACT ANGLE) COMPARED WITH 
WATER - AIR-GLASS CONTACT ANGLE DRI-FILMED CAPILLARY 
TUBE (AS INDICATED BY HEIGHT OF WATER RISE). 


it is not to be expected that their desaturation curve would 
fall in order with the curves for other treated beads. This 
particular pack behaved as though the beads had been treated 
with a Drifilm solution of between 0.01 per cent and 1 per 
cent concentration and dried for 30 minutes. 

Inasmuch as the beads were fairly uniform in size, were 
packed consistently and the same fluids were used in all 
cases, the displacement pressures should be in proportion 
to the cosines of the contact angles. The curve with the 
maximum displacement pressure was assumed to have a zero 
contact angle( measured through n-octane) and the apparent 
contact angles for the remaining curves were calculated 
(excluding beads treated with Surfax W. O., which were 
water wet and hence not strictly classifiable with the remain- 
ing systems). Because the displacement pressures are not 
determined exactly, calculations were made at n-octane sat- 
urations of 45 per cent, 60 per cent, and 85 per cent, the 
region over which the capillary desaturation curves are flat. 
The spread of calculated values for cos © was very small, 
as shown in Table 1. 


The apparent contact angles at 60 per cent saturation 
are plotted vs the height of water rise observed in the glass 
capillary tubes in which the same concentration of treating 
solution was used. The linear trend of Fig. 4 was obtained, 
which gives some credence to the view that the calculation; 
made from the desaturation curves actually are contact angles. 

The calculated apparent contact angles are plotted in Fig. 5 
vs the irreducible residual n-octane saturations recorded. The 
solid line is drawn for the values at S, = 60 per cent and 
the dashed lines indicate the total spread of calculated cos 0 
values. The empirical equation for the solid line is 


TABLE 1 
Calculated Apparent Values of Cos 9 
Beads Sh = 2% S, = 60% S, = 85% 
1% treatment 1.0 (assumed) 1.0 (assumed) 1.0 (assumed) 
10% treatment 0.839 0.825 0.826 
0.10% treatment 0.722 0.703 0.694 
0.01% treatment 0.484 0.451 0.422 
Clean 0.202 0.089 0.012 
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100 If the wetting liquid can flow from the pore through a 

90 wetting liquid film, as will probably be the case for a 
9 80 — zero contact angle, the residual of the pore will be further 
. 70 reduced with each increase in pressure. Should the wetting 
F liquid film break and not permit flow the residual liquid in 
= =o the pore will not be further reduced with each increase in 
© 50 pressure. Then the measured pressure across the capillary 
= cell is not a true equilibrium measurement for all interfaces 
a AAS within the porous system. 
4 eee In a given pore, the capillary pressure existing for a 
= ae ee lea given saturation will increase as the curvature increases, 
ueso Sse eee i.e. as the contact angle goes to zero. This is shown schem- 
Ss Pe atically in Fig 7. For the higher saturation values on the 
ro a els family of capillary desaturation curves in Fig. 3, at a given 
4 Sa saturation one finds increasing capillary pressure as the 
ae, Pee apparent contact angle decreases. However, as residual liquid 
2 rP~S8nJ is approached there is a crossover of curves and one finds 
a noes Say increasing capillary pressure as the apparent contact angle 
a Sr increases. The crossover of curves must occur because the 


CALCULATED APPARENT COS @ 


FIG. 5—RESIDUAL N-OCTANE SATURATION AS A FUNCTION OF 
THE CALCULATED APPARENT CONTACT ANGLE (BASED UPON THE 
ASSUMPTION THAT COMPLETE N-OCTANE WETTING WAS OBTAINED 
WITH BEADS TREATED WITH 1 PER CENT DRI-FILM). APPARENT CON- 
TACT ANGLES WERE CALCULATED AT 60 PER CENT N-OCTANE 
SATURATION. 


WETTING FLUID 


RESIDUAL WETTING PHASE 


To explain the decrease in wetting liquid residual with 
decrease in apparent contact angle an ideal pore system is 
considered, as in Fig. 6. 


R DISPLACEMENT PRESSURE 
A certain capillary pressure is required to penetrate this NECESSARY TO ENTER PORE 


pore and every one like it, the pressure increasing as the 
entry radius of the pore decreases. Once the pore has been 
penetrated, it will be swept completely except for the pendular 
wetting liquid. The amount of the pendular wetting liquid 
not swept out will depend upon the curvature of the pendular 
ring, which will be as demanded by the capillary pressure 
required to enter and sweep the pore. As the contact angle 
approaches zero the capillary pressure required to enter a 
given pore will increase but the nondisplaced wetting liquid 
will decrease because of the increased curvature of the inter- 
face. Therefore, as each succeedingly smaller pore is entered 
by the displacing liquid, the cumulative remaining wetting 
liquid will decrease as the contact angle approaches zero. 


CAPILLARY PRESSURE WITHIN 
PORE AFTER IT HAS BEEN 
ENTERED AND SWEPT OF FLUID 


NON-WETTING 
FLUID 


An additional factor must be considered. After a given 
pore has been entered by the displacing liquid, leaving a 
pendular wetting liquid with curvature demanded by the 
entering pressure, any increase in capillary pressure will 
demand a further decrease in wetting liquid remaining in 
that pore unless the wetting phase continuity has been broken, 


in’ which “casesthe pote can lose no tore pendular’ liquid. FIG. 6—DEPENDENCE OF WETTING PHASE RESIDUAL UPON THE 


PRESSURE NECESSARY TO FORCE ENTRY INTO A PORE. 
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fluid continuity in the wetting phase in the individual pore 
is broken. The non-displaced wetting liquid is greater as 
the contact angle increases, as explained in Fig. 6. 


These considerations lead to the thought that, in general. 
variations of residual wetting liquid could be due partly to 
the pore geometry of the particular system and partly to the 
continuity of the wetting liquid phase which the particular 
contact angle will permit. In the type of porous system used 
in these experiments, the pore geometry is such that a break 
in film continuity produces a marked change in residual 
liquid. Natural systems could have pore geometry such that 
the variation of residual due to contact angle would be 
negligible. 

The relative importance of wetting and pore geometry in 
controlling the desaturation process in a given system is 
that which makes the problem of contact angle measurement 
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CURVATURE FOR A CONSTANT PORE SATURATION. 
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in porous media difficult. The relative importance of these 
two factors has a bearing on many practical problems, for 
example, the use of wetting agents to lower oil residual 
in oil-wet sands. 


SIGNIFICANCE OF CAPILLARY 
DESATURATION CURVES 


These comments with respect to the mechanism of reaching 
residual wetting liquid have a bearing on the true significance 
of capillary desaturation curves. Unless the porous system 
is sufficiently wet by the displaced liquid to maintain a con- 
tinuity of liquid to sustain flow from all pores within the 
system, the desaturation curve loses its physical significance 
as a measure of pore character. Referring again to Fig. 3, 
one would be at a loss to say which of the desaturation 
curves represented pore character, without knowledge of the 
wetting conditions. Even though continuity of displaced fluid 
is maintained, the capillary desaturation curve is not exact 
for purposes of computing pore radius — particularly if the 
pore sizes vary widely and there are many interstitial spaces 
for pendular rings to form. A change in saturation on a 
desaturation curve which represents true capillary equilibrium 
at all interfaces within the porous medium must consist of 
two parts —that due to entry of new pores and that due to 
change of the pendular rings. This would suggest that such 
techniques as the mercury injection or desaturation of a 
wetting liquid with a gas would be the most reliable type 
of desaturation curve for such uses as computing pore radius. 

Calculations of the apparent contact angles in the manner 
described is equivalent to adjusting all capillary pressure 
values to the J-function to which cos © has been added, thus, 


5cos 


because \/K/& and 6 should be constant for the systems 
described. 

It is apparent, from Fig. 3, that dividing each capillary 
desaturation curve by different values for cos 9 will not 
bring them into coincidence, even just for the family of 
curves for drifilmed beads. Each of the curves would break 
away from a general J-function at the place where the curve 
makes a vertical turn. This suggests that contact angles in 
the J-correlation is not strictly justified. It suffices only to 
correct for those capillary pressures which represent pore 
entry on the flat portions of the curves. Further proof of 
this point would require experiments on pore systems where 


the geometry was not so uniform as with packed glass 
spheres. 
Application to Other Measurements 

It is obvious that any other gross measurements which 


depend upon fluid distribution with a pore matrix would be 
sensitive to the variations shown in the capillary desaturation 
curves. This would be particularly true of measurements 
such as electrical resistivity and relative permeability. Un- 
doubtedly the variation in residual liquid by flooding dis- 
placement would also reflect the effects of wetting noted here. 
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THE ESTIMATION OF WATER INJECTION PROFILES 
FROM TEMPERATURE SURVEYS 


T. J. NOWAK, MEMBER AIME, UNION OIL COMPANY OF CALIFORNIA, BREA, CALIFORNIA 


ABSTRACT 


The heat flow processes determining the injection and 
shut-in temperature logs in a water injection well have been 
analyzed and the theoretical basis for determining the water 
injectivity profiles from the temperature logs has been pre- 
sented. Both the injection and the subsequent shut-in logs 
are necessary to resolve the injection interval into relative 
water intake strata; the former, to provide an accurate esti- 
mation of the thicknesses of the strata, and the iatter to 
indicate the major and minor intake rates into the strata. 
A procedure is described for estimating the injectivity profile 
from the temperature logs and is applied to several tem- 
perature logs. For a water injection well, a comparison is 
made of the injectivity profiles obtained from the core 
analysis, the spinner survey, and the temperature logs. 


INTRODUCTION 


In secondary recovery of oil by water flooding, the in- 
jectivity profile is needed to obtain diagnostic evaluation 
of water intake distribution over the injection interval. If 
the distribution is unfavorable among the various strata, 
corrective measures can be taken to provide better control. 

Numerous methods have been developed for determining 
the injectivity profile from water velocity measurements in 
well bores. Often, dependence is placed upon core analyses 
and/or electric logs for estimating the relative water intakes 
over the injection interval. In many cases, the temperature 
log method described herein will give results more diagnostic 


1References given at end of paper. 
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leum Branch in Los Angeles, Calif., Oct. 23-24, 1952. 


Vol. 198, 1953 


PETROLEUM TRANSACTIONS, AIME 


than those obtained through use of the other available methods 
inasmuch as it is based upon the study of temperature dis- 
turbances in and around the well bore as a function of 
water flow in the well bore and in the formation. 

This method is the result of analyses of a number of tem- 
perature surveys made in water injection wells to determine 
the point of entry of the water into the formation. The ma- 
terial in this paper is presented in two sections: the first 
deals with the theoretical study of temperature survey data, 
and the second deals with the field application. 


PART I — THEORETICAL TREATMENT OF 
TEMPERATURE LOG DATA 


Before discussing the various aspects of heat flow relative 
to temperature log data, the phenomena that give rise to 
well bore temperatures — namely, the indigenous formation 
temperature and the associated rates of heat flow —will 
be considered. 


Geothermal Gradient 


The geothermal gradient is defined as the increment of 
depth at which the indigenous subsurface temperature in- 
creases by 1°. It is caused by the continuous flow of heat 
outward from the interior of the earth. The flow of heat 
is an equilibrium process between the heat sources, the ther- 
mal conductivities of the formations, and the mean surface 
temperature. Therefore, there is no accumulation of heat 
energy in the path of heat transmission, and the geothermal 
gradient for a given formation will depend upon its thermal 
conductivity. 
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FIG. 1— SUB-SURFACE TEMPERATURE GRADIENTS IN A WATER [N- 


JECTION WELL (HYPOTHETICAL). 


To indicate the rate of heat flow in formations, a calcula- 
tion based upon data on geothermal gradients’ and on thermal 
conductivities of formations’ reported in the literature is 
presented. For an average geothermal gradient in an oil 
sand of 55 ft/1°F (0.0182°F/ft) and an oil sand con- 
ductivity of 1.62 Btu hr ‘ft *F ~*, the rate of heat flow is the 
product of these two factors or 0.0295 Btu ft “hr “’. The con- 
ductivity of shale, silt, and marl is reported as 1.18 Btu 
“ft *F “. Based upon the calculated rate of heat flow, the 
geothermal gradient for shale is 40 ft/1°F. Thus, the 
geothermal gradient will vary with the type of formation. 

In the subsequent method of analysis, the geothermal gra- 
dient for reservoirs consisting of horizontal beds of oil sands 
and shales will be assumed to remain the same for all forma- 
tions. This simplification is justified because the large mag- 
nitudes of the temperature disturbances caused by water 
injection are not appreciably affected by the demonstrated 
variation of the geothermal gradient. 


Location of Water-Intake Strata from 
Temperature Logs 


Hypothetical temperature variations in a water injection 
well completed in a formation composed of an injection 
interval and impermeable sections are depicted in Fig. 1. 
These variations are based on actual temperature log data 
obtained in water intake intervals whose temperatures are 
substantially greater than the temperature of the injection 
water at the well head. In Fig. 1, the temperatures on the 
three curves correspond to the depths along the well bore axis 
as shown. The indigenous formation temperature, prior to 
injection, is shown by curve 3. 


Curve 1, Fig. 1, represents a temperature log obtained 
during injection. Opposite the cased portion of the hole along 
the axis of the bore, the termal gradient of this curve is 
constant and greater than the geothermal gradient. Near 
the injection interval the gradient becomes larger and finally 
in the injection interval where water is being lost to the 
stratum, no increase in the bore temperature occurs. This 
process is repeated as the second perforated stratum is 
reached. Leaving the injection interval, the curve gradually 
assumes a gradient somewhat smaller than that in the upper 
regions and finally increases rapidly toward the indigenous 
formation temperature. In general, the temperature opposite 
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the intake stratum during injection remains constant from 
top to bottom of the stratum because the quantity of heat 
flowing from the formation is small relative to that supplied 
by the intake water. This is essentially independent of intake 
rate unless very small intake rates are encountered. 

Subsequently, the well is shut-in (no backflow of water 
into the well) and the shut-in temperature log obtained is 
represented by curve 2, Fig. 1. Because of temperature 
build-up during the shut-in period, the entire log is shifted 
toward the indigenous formation temperature. Along the axis 
of the cased portion of hole, the thermal gradient is constant 
and is closer in magnitude to the geothermal gradient than 
is its counterpart in curve 1. At some point near the injection 
interval the gradient increases, and in the interval itself 
whenever additional cooling of the strata by the intake of 
water has occurred, the temperature build-up is decidedly 
smaller. This gives rise to the temperature disturbances as 
shown. The relative rates of temperature build-up for the 
various strata reflect the previous relative quantities of 
water intake. 

The thicknesses of the strata taking water are not as sharply 
defined in curve 2 as they are in curve 1. It can be seen 
from these curves that the thermal boundary effects are 
greater during shut-in than during injection. In the shut-in 
period, the temperature is changing with time; this, there- 
fore, gives rise to greater thermal boundary effects; whereas, 
during injection the heat flow approaches a steady state 
condition. By combining both the injection and the shut-in 
logs, using the former to provide an accurate estimation of 
thicknesses of the intake strata and the latter to indicate 
major and minor rates of intake, it is possible te obtain 
reasonably accurate indications of water intake rates as a 
function of depth. 

It is important to recognize that the temperature data 
indicate the thicknesses of the strata taking the water and 
not the points at which the water is leaving through the 
perforations. 


Heat Flow Analysis of Temperature Logs 


The interpretation of temperature logs in terms of the 
injectivity profile results from the mathematical analysis 
of heat flow during both the injection and the shut-in 
periods throughout the injection history. For both types of 
log, the thermal problem is three dimensional. The natural 
way to idealize the heat flow process for the purposes of cal- 
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culation is to assume that at any instant the temperature 
disturbance at the wall of the hole, hence on the well bore 
axis, Opposite a given stratum is a linear function of depth. 
This makes it possible to treat the problem as two-dimensional 
and to resolve it on a unit depth basis. The discussion will 
be made with reference to Fig. 2. 


In the upper portion of Fig. 2, a water injection well com- 
pleted in an oil bearing formation is shown. Only a portion 
of the injection interval is presented; namely, a stratum of 
uniform water intake bounded by impermeable strata. Cor- 
responding to the depths in the well are well bore tempera- 
tures as depicted by hypothetical temperature logs. Two in- 
jection logs are shown; the first represents the temperatures in 
the early injection history at time®,; the second represents the 
temperatures at a later time, 9,. Subsequently, the well is 
shut in, and during the shut-in period, the logs are given 
for, shut-in: times and 9,”’, 0,” > The 
indigenous formation temperature is shown by curve desig- 
nated 900. 


The heat flow process will be considered for two types of 
regions in the well. The first applies to the region above 
the injection interval; the second applies to the region of 
the injection interval. 


(a) Heat Flow Above the Injection Interval 


The position of the two injection logs, 8, and 9,, relative 
to the indigenous formation temperature will depend upon 
the well head temperature of the water. the injection rate 
at the time of logging, and the injection history. To simplify 
the problem, the injection rate and the well head water 
temperature are considered to remain constant through the 
injection history. Then, the relative position and the thermal 
gradients of the logs are affected by the continuous cooling 
of the formations and are negligibly affected by such com- 
plicating factors as the variations of the termal properties of 
the system with temperature, the heat transfer coefficient. 
and the heat transfer through the casing. 

The temperature log, 9, was obtained at the beginning 
of the injection history and, therefore, both the position 
and the thermal gradient of the log was changing with 
time; whereas, the temperature log, 9., was obtained near 
the end of the injection history, and, therefore, represents 
steady state temperature conditions in the well bore. From 
heat flow consideration, it can be demonstrated that the latter 
conditions are reached within the early period of the injection 
history. Then the rate of heat removal from the formations 
can be constant throughout the injection history and can be 
represented as: 

where 
Q,,. = heat transferred to the water from the formation 
by forced convection per unit time and unit 
depth throughout the injection history from 
times 9, to 9, 
= mass rate of water flow 
C, = heat capacity of the water 
(T,—T,) = temperature change of water per unit depth as 
illustrated by curve 9., Fig. 2 


For the aforementioned conditions, the history of the 
constant rate of heat removal during injection is shown 
graphically in the lower left portion of Fig. 2. 


Following water injection and during the time when the 
well would be shut-in, temperature build-up would occur 
as indicated in Fig. 2 by logs 9,’, ®,”, and 9,”’, which rep- 
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FIG. 3 — INJECTIVITY PROFILE CALCULATED FROM TEMPERATURE LOGS 
(HYPOTHETICAL). 


resent well bore temperatures at successively longer shut-in 
times during the same shut-in period. The temperature build- 
up in the well bore as depicted by the shut-in logs is given 
by the following equation which is derived from the concepts 
of the method of sources and sinks” * (see Appendix) : 


AT; = In (2) 


‘42 


where 
T, = average indigenous formation temperature in a 
unit depth of formation 


T.. = average temperature in the well bore within the 
corresponding unit depth 


Q,.. = constant heat removal rate per unit depth during 
the injection history (obtained from Equation 1). 


K =thermal conductivity of the formation 
0, = initial time of water injection, equal to zero 
8, 


total time from the beginning to the end of the 
injection history 

0, = total time from the beginning of the injection 
history to the particular time in the shut-in period 


Equation 2 deals with radial transient heat flow by con- 
duction and represents the effect which removal of heat by 
forced convection at a constant rate between time 0, and 9, 
has on the well bore temperature at a subsequent shut-in 
time, 9,. Similar expression for variable rates of heat removal 
is presented in the Appendix. 


The application of Equation 2 to temperature log data is 
illustrated in the lower right portion of Fig 2. When A T 
values from the three shut-in logs (upper portion of Fig. 2) 
at depth DD’ are plotted against the logarithmic function, a 
straight line that passes through the origin (O,O) is ob- 
tained. From the slope of the line, the thermal conductivity 
can be determined (this procedure and the foregoing mathe- 
matical development are analogous to Horner’s method of 
determining the permeability from pressure build-up data’). 
Theoretically, if the line does not pass through the origin. 
the value chosen for 7, was incorrect, and the corrected value 
can be determined from the displacement of the curve that 
is required to make it pass through the origin. If the slope 
of the curve is not constant, then, theoretically, the well is 
backflowing water and the temperature log data do not 
represent static conditions. 
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(b) Heat Flow in the Injection Interval 


The heat flow relations developed thus far are applicable 
to the case of heat removal from strata by forced convection ; 
i.e., strata into which no water is flowing. These relations 
will now be extended to include the heat flow taking place 
in the injection interval. In the preceding analysis, it was 
assumed that at any instant the temperature disturbance 
in the well bore was a linear function of depth. Because the 
thermal variations in the injection log are small, this assump- 
tion may usually also be applied to the injection interval 
during water injection. Under this assumption, at the very 
instant the well is shut in, the temperature of the formation 
at the bore wall, r= r,,, varies linearly with depth at a rate 
which is equal to the thermal gradient of the injection log. 
This implies that the rate of heat removal, Q, by the water 
flowing down the well was constant for all strata throughout 
the injection history. During the shut-in period, the rate of 
temperature build-up in the water intake strata will be lower 
than that in the cased hole because additional heat was 
transferred from the formation to the intake water. This 
will give rise to thermal variations indicated by the shut-in 
logs, the magnitudes of which will reflect the relative rates of 
water intake. 


For the shut-in period, the heat flow mechanism associated 
with the temperature build-up in the injection interval is 
the resultant of two components: the vertical transient heat 
flow and the radial transient heat flow. It is believed that the 
vertical heat flow is mainly associated with the thermal 
boundary effects among the strata and will not be elaborated 
upon inasmuch as its effect has been mentioned in connection 
with the method for locating the water intake strata. The 
second component, the radial heat flow, is related to the rates 
of temperature build-up for the strata as a function of the 
heat removal history by forced convection and by heat absorp- 
tion (water influx) and, therefore, will be analyzed. 


For the well whose water injection history is depicted in 
Fig. 2, the isothermals are cylinders concentric with the well 
bore (sink) for all strata, but their distribution as a function 
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of radius, r, in the water intake strata is different from that 
in the intervals into which no water was injected. During 
shut-in, howeyer, the rate of temperature build-up will follow 
approximately a similar source-sink solution that was de- 
veloped for the impermeable strata; that is, 


= 4nK In (3) 
where 
T.,, = average temperature in the well bore within the 


unit depth of the water intake stratum 

A,, = constant rate of removal of additional heat from 
the formation by influx of water during the in- 
jection history. 

This equation differs from the corresponding Equation 2 
only by the addition of A,,. to the heat removal rate, Q,.. 
All quantities in Equation 3, except A,., are known (K 
can be calculated from Equation 2 or by the previously de- 
scribed method) ; therefore, the values of A,,. per unit depth 
can be calculated at each depth. The quantity 4,, is a function 
of the water intake rate. The greater the intake rate, the 
greater the value of A,.. 

The solution for A, can be simplified by removing the effect 
of Q,. upon the value of 7,, in Equation 3. The effect of 
Q,. upon 7, for the region of the well above the injection 
interval is given by Equation 2. The extrapolation of the 
temperature log curve from this region through the injection 
interval represents temperatures, 7, that would have been 
recorded had no water intake occurred. Then the values 
of A,, can be calculated from the temperature difference 
between the 7, curve and the extrapolated 7, curve. This 


operation is equivalent to subtracting Equation 2 from Equa- 
tion 3 or: 


8, — 0, 
(4) 
Thus, it is not necessary to know the indigenous formation 
temperature to solve for 4,.. 
The functional relationship between A,, and the water 
intake rate is not known. For this reason it is necessary to 
estimate the injectivity profile on a relative basis. It will 
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be shown subsequently how the total rate of heat removed 
from the strata by water entry can be interpreted in terms 
of the injectivity profile. 


Procedure for Estimating Injectivity 
Profile from Temperature Logs 


As a result of the above manipulation, the determination 
of the injectivity profile is simplified considerably, the relative 
quantities of water intake being calculated as follows (see 
Fig. 3). 

1. Boundaries of the water intake strata are located 
from the injection and shut-in logs as described earlier 
in the paper. 

2. The shut-in log curve in the region of the hole above 
the injection interval is extrapolated through the in- 
jection interval. The extrapolated portion of the curve 
is shown dotted in Fig. 3, Curve 2. 


3. The area between the actual curve and the extra- 
polated curve for all the intake strata is determined. 
This area is represented by the cross-hatched regions 
in Fig. 3. It may also be considered to represent the 
total rate of heat removal from all water intake strata 
due to water entry into the strata. 

4. For each unit depth, Ah, the fraction of the total 
heat transfer rate due to water entry is determined 
from the ratio of the area, AA, corresponding to 
the unit depth, to the total area. This fraction is 
assumed to be the fraction of the total rate of water 
input which is entering the given unit depth interval. 
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5. The water injection rate into the well is therefore 
prorated to the water intake of each unit depth by 
multiplying the ratio of its area to the total area by 
the total injection rate. 


6. The injectivity profile is obtained by plotting the 
results of item 5 against depth and connecting the 
points with straight lines. The resulting profile is 
illustrated by the bar graph of Fig. 3. 


The application of the above mathematical presentation 
to actual well-bore conditions is limited by the nature of 
the assumptions made in the development. For example, the 
effect of the temperature increase of water as it passes the 
impermeable regions between the successive intake strata 
was neglected. This will tend to give intake rates that are 
lower than the actual values for the deeper strata. Despite 
this and other assumptions, it is believed that the method 
furnishes a good indication of the heat flow-water intake values 
that can be expected in a water injection interval. 


PART II — APPLICATION OF THE DEVELOPED 
THEORY TO ACTUAL TEMPERATURE LOGS 


In the foregoing portion of the paper, hypothetical tem- 
perature logs were presented, and a method was developed 
by which the injectivity profile could be calculated from 
temperature logs. The remainder of the paper will be devoted 
to actual temperature logs, their measurement and general 
characteristics, and the application of the developed method 
to these logs. 
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Thermometric Measurements 


With the exception of two thermometric surveys made with 
a commercial continuous surface-recording instrument, all 
logs included in this study were obtained with an Amerada 
bottom hole temperature-recording gauge. The gauge was 
calibrated prior to each survey by increasing its temperature 
at a rate comparable to the rate of temperature rise expe- 
rienced during its descent in the well. This procedure 
minimized hysteresis. A comparison of the data obtained 
prior to each survey indicates that the gauge possessed a 
high degree of stability with respect to calibration. The 
temperatures were read from the gauge chart, using a 
micrometer, to the nearest 0.1°F. 


Inasmuch as heat transfer from the water to the gauge 
is not an instantaneous process, the following logging pro- 
cedure in the injection interval was found sufficient to over- 
come the thermal lag. The gauge was lowered at a rate 
of 500 ft/min to a depth 100 ft above the injection interval. 
At this depth, the descent was stopped for a minimum of 
10 minutes to obtain the first temperature recording. There- 
after, during the descent the readings were obtained semi- 
continuously; that is, five-minute station stops were made 
after each of which the gauge was lowered to the next stop 
at approximately 500 ft/min. In the general case, the optimum 
frequency of the stops is determined by the variable nature 
of the injection interval. 

The geothermal gradient was determined for the reservoir 
as a whole from a large number of maximum recording 
thermometer measurements made in relatively new wells and 
in a number of wells which had been idle for a long period 
of time. 
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General Characteristics of Temperature Logs 
in Water Injection Wells 


In the theoretical discussion, based upon idealized con- 
ditions, hypothetical temperature logs in water injection 
wells have been presented. That the idealized conditions are 
rarely realized in actuality will be demonstrated in the sub- 
sequent presentation of actual temperature logs. The tempera- 
ture logs on which this study has been performed are from 
seven water injection wells representing three California oil 
reservoirs which were completed in thick sands (greater than 
100 ft) at depths exceeding 3,000 ft. Since all of these 
logs exhibit similar characteristics, logs obtained in one well 
designated as well W, field F, will be presented. Tempera- 
ture logs in water injection wells completed in thin sands 
(less than 100 ft) at depths above 2,000 ft have been re- 
ported in literature’. These logs are similar to those obtained 
in the thick sands. 

Water was injected into well W, field F, at virtually con- 
stant rate of 900 B/D for three years. At the end of this 
period, two temperature surveys were made. The first survey. 
made immediately following the three-year injection history, 
consisted of two logs — an injection and a subsequent shut-in 
log. The second survey, made two months after the first, con- 
sisted of three injection and four shut-in logs. The portions 
from all logs from these surveys covering the injection interval 
are presented to show the effect of water intake on the shape 
of the curves. In addition, three of the logs are presented for 
the entire depth of the well to show the variation of shape 
with depth. 

In Fig. 4, three logs —two from the first survey (curves 2 
and 3) and the third from the second survey (curve 4) — are 
shown along with the indigenous formation temperature (curve 
1) for the entire depth of the well. Curve 2 was obtained at 
the injection rate of 900 B/D. In the upper portion of this 
curve, the surface water temperature was considerably warmer 
than the earth temperatures within the first few hundred 
feet. Consequently, the curve crosses over the indigenous 
formation temperature curve at about the 600 ft depth. 
Thereafter, curve 2 straightens out at about 2,500 ft and 
assumes a constant gradient until the injection interval is 
reached where temperature variations appear. Finally, at 
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the bottom of the hole the curve rapidly approaches the 
indigenous formation temperature. Curve 3 of Fig. 4 was 
obtained subsequent to the above injection log after the 
well had been shut-in for three days. Compared with curve 
2, it is closer to the indigenous formation temperature; its 
gradient approaches more closely the geothermal gradient; 
and it contains greater temperature variations in the injec- 
tion interval. Curve 4 of Fig. 4, also a three-day shut-in log, 
was obtained during the second survey. The two-month interval 
between the surveys is marked by unsteady injection rates of 
water at progressively increasing surface temperatures. Be- 
cause of this unsteady state, further temperature build-up 
occurred in the well and curve 4 is closer to the indigenous 
formation temperature than curve 3. It will be noted that 
curve 4 contains all the characteristics common to curve 3 
plus an additional temperature variation at the 3,000 ft depth, 
indicating water loss into the formation in this region. Sub- 
sequently, this was shown to have resulted from a hole in 
the casing which occurred at some time during the two-month 
interval between the surveys. In the following discussion, 
temperature logs in the region of the casing leak and in the 
injection interval are presented. 

In Fig. 5, details of three shut-in logs obtained during 
the second temperature survey are shown in the 3,000 ft 
region where a temperature anomaly was previously indicated 
(curve 4, Fig. 4). No injection logs were taken in this region 
during the survey. Inasmuch as this anomaly indicates a cas- 
ing leak and is incidental to this study, it will be treated 
only briefly. Curves 1, 2, and 3 of Fig. 5 correspond to 
1, 3, and six-day shut-in logs, respectively, obtained during 
the same shut-in period. Each point on the curves represents 
a five-minute temperature reading. From the thickness of the 
temperature disturbance, it is estimated that the water is 
flooding about 70 ft of sand. This does not necessarily mean 
that the casing leaks throughout the 70-ft section nor that 
the Jeak occurs at the depth corresponding to the dis- 
turbance. From spinner surveys it was estimated that the 
leak occurred at a depth of 2,975 ft and that 40 per cent 
of the injected water was being lost at this depth. This 
illustrates how different aspects of the casing-leak problem 
may be complemented by the two types of log —the tem- 
perature and the spinner logs. 
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It can be seen from Fig. 6 that although water was 
injected at a steady rate for three years, no uniform cooling 
of the injection interval has occurred. In this figure the 
logs from the first temperature survey are presented for 
the injection interval. The perforated sections of the casing 
are designated by the dotted column along the depth axis. 
Whenever the slope of curve 1 steepens; i.e., where there is 
relatively little or no temperature increase with depth, water 
is being lost into the strata. The relative rates of water 
intake by the strata are reflected in the disturbances of the 
shut-in log, curve 2. 


In obtaining temperature logs, the method of temperature 
measurement is very important. This is illustrated by the two 
sets of logs presented in Fig. 7. Curves 1 and 4, the first 
set, are the injection and the six-day shut-in logs which 
were obtained by the semi-continuous logging method de- 
scribed in the previous section; whereas, curves 2 and 3, the 
second set, are the injection and the five-hour shut-in logs 
which were obtained with a commercial, continuous surface- 
recording instrument at a logging speed of 40 ft/min. No 
water backflow occurred while the shut-in logs were being 
obtained. When the two sets of logs are compared, it becomes 
evident that the thermal disturbances are poorly defined at 
the rates of logging commonly used in commercially obtained 
temperature logs. Not only are the thermal effects poorly 
defined, but the maximum points of the variations in the 
shut-in curve 3 are about 50 ft lower than the corresponding 
points on curve 4. Therefore, these data, obtained at fast 
rates of logging, are inadequate for a study such as this. 
A similar relation exists between the relative position of the 
variations in the injection curves 2 and 1. The differences 
are attributed to the thermal lag of the continuous logging 
instrument when it is lowered at the above rate. It can also 
be seen that, with respect to temperature, the logs obtained 
with the commercial instrument are displaced quite markedly 
from their counterparts, curves 1 and 4, taken by the method 
described in this paper. This displacement is believed to result 
from the difference in the calibration reference points of the 
two logging instruments. 
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The logs in Fig. 8 show the effect of injection rate on 
the shape of the injection logs and shut-in time on the shape 
of the shut-in logs. Curves 1 and 2 are injection logs obtained 
at rates of injection into the formation of 200 and 750 B/D, 
respectively. Curves 3 and 4 represent one and six-day shut-in 
logs, respectively, obtained during the same shut-in period. 
From this figure, it is evident that at sufficiently low water 
rates the injection log begins to assume the shape of the 
shut-in logs; whereas, in the regions of no water intake 
the temperature of the shut-in logs increases continuously with 
shut-in time. A seemingly paradoxical temperature behavior 
is recorded in the shut-in logs at the maximum points of 
the temperature disturbances inasmuch as the temperature 
decreases with increased shut-in time. Furthermore, the maxi- 
mum temperature at these points is lower than the temperature 
of the entering water prior to shut-in. It is to be noted that 
the logs in Fig. 6, obtained after a long period of steady 
injection, did not show this phenomenon, but did contain 
disturbances that are closely related in depth and magni- 
tude to those found in the logs of Fig. 8. 


At least two complicating factors are responsible for the 
peculiar temperature build-up behavior of the shut-in logs 
of the second survey. First, the surface water temperature 
increased between the two temperature surveys (March to 
May). Second, the period preceding the second survey was 
marked by erratic injection rates interspersed with short 
shut-in intervals. Both of these factors increased the tem- 
perature cf the water in the well bore. For example, whereas 
the water entering the injection interval was 105°F (Fig. 6, 
curve 1) during the first survey, it was 139°F (Fig. 8, curve 1) 
during the second survey. These factors create a temperature 
inversion in the water intake strata so that before an in- 
crease in temperature can be obtained in the well bore as 
a function of shut-in time, the normal distribution of the 
isotherms around the well bore must be re-established. 

The foregoing discussion illustrates the complexity inherent 
in the heat flow problems in water injection wells. 


Water Injectivity Profiles 


By means of the analytical procedure from the first section, 
it is possible to estimate the injectivity profile from tempera- 
ture logs. Three injectivity profiles for an injection rate of 
1,000 B/D calculated from the logs obtained in well VW, 
field F, during the two temperature surveys are presented 
in Fig. 9. No remedial work was done on the well between 
the surveys to change the characteristics of the injection 
interval. The injectivity profiles correspond closely with re- 
spect to depth and thickness of the intake strata and show 
similar trends in the magnitudes of water intake. A com- 
parison of the two profiles from the second survey indicates 
that good reproducibility is possible. 

Injectivity profiles for an injection rate of 1,000 B/D 
obtained from temperature logs (Fig. 7, curves 1 and 4), 
from core analysis (theoretical fluid loss), and from the 
spinner survey are presented in Fig. 10. The gun perforated 
sections of the well are shown along the depth axis, and 
the temperature logs from which the water intake rates were 
determined are superimposed on the injectivity profiles. A 
general agreement of the three profiles is indicated with respect 
to depth and intake rates, even though no similarity is 
necessarily expected because of the differences inherent in 


210 


PETROLEUM TRANSACTIONS, AIME 


PROFILES FROM TEMPERATURE SURVEYS 


the methods. For example, the degree to which the profile 
from core analysis and spinner profile correspond to the 
actual profile will depend for the former upon the horizontal 
and vertical permeability variations and the completion prac- 
tice; for the latter, upon the amount of water channeling 
between the casing or the liner and the strata. The profile 
estimated from temperature logs is not affected appreciably 
by any of these factors. Accordingly, if properly used, the 
method of obtaining injection profiles from temperature logs 
should yield accurate data as to what formations are taking 
water. 


CONCLUSIONS 


From a mathematical analysis of the heat flow processes 
occurring in water injection wells, it has been demonstrated 
that the injectivity profiles can be estimated from an accu- 
rate measurement of the temperature disturbances associated 
with these heat transfer phenomena. The procedure for 
estimating the injectivity profile entails the combination of 
both the injection and the subsequent shut-in logs —the 
former to provide an accurate estimation of the thicknesses 
of the water intake strata, and the latter to indicate major 
and minor intake rates. 


An important feature of injectivity profiles determined from 
temperature logs is that the thicknesses of and relative intake 
rates into the various strata are indicated rather than the 
points at which water is leaving the well bore. 

Analyses of the performances of several water injection 
wells, one of which is discussed in detail herein, have indi- 
cated that the method of determining injectivity profiles from 
temperature logs, if properly used, should yield accurate data 
as to what strata are taking water. 

The usefulness of the thermometric method has been 
demonstrated for thick injection intervals. It is believed that 
it is equally applicable to injection intervals less than 100 ft 
thick; however, because the method is a recent develop- 
ment of reservoir research, a certain testing in practice is 
required in order to determine is usefulness and its limita- 
tions under various field conditions. 


ACKNOWLEDGMENT 


The work and results described herein were achieved by 
the cooperative effort of a large number of individuals within 
the Union Oil Co. organization. Prominent among these were 
Milan Arthur and H. D. Aggers of the Field Department 
who suggested the problem; Graham Lester of the Field 
Department who obtained the temperature data; William 
Cerini of the Field Department who was instrumental in 
organizing the temperature surveys; J. E. Sherborne, R. S, 
Crog, and R. W. Jaross of the Research and Process Depart- 
men who contributed to the organization of the paper. 


Vol. 198, 1953 


T. J. NOWAK 


APPENDIX 


For the portion of the hole above the injection interval, 
the natural way to idealize the heat flow process is to assume 
that at any instant the temperature disturbance at the wall 
of the hole, hence at the well bore axis, is a linear function 
of depth. Then the rate of heat remoyal from the formation 
above the injection interval is constant for the vraious strata 
and is obtained from the solution of Equation 1. This flow 
of heat will be taken into account in developing expressions 
for the temperature distribution in the formation as a func- 
tion of time for both the injection and shut-in periods. The 
sink-source concept will be utilized, as well as the assumption 
of a solid cylinder of infinite radius. 

The appropriate differential equation relating temperature 
to position and time for the infinite cylinder in which the 
isothermals are concentric cylinders is: 


where 
T = temperature 
r = radius measured perpendicularly from the well bore 
axis 
0 = time 
o = thermal diffusivity of formation = oC 
where 
K = thermal conductivity 
p = density : 


C, = heat capacity 
A particular solution of Equation 5 based on the method 
of sources and sinks’ is: 


r 


where C is an arbitray constant. 

For any time, 9, during water injection the temperature 
distribution in the formation can be obtained by considering 
the problem of a constant linear sink of heat on the axis 
of the hole. This sink begins at the time the water is first 
injected, 8,, and continues until the end of injection time, 9.. 
The strength of the sink, Q, is obtained from the solution 
of Equation 1. 

From the concepts of the method of sources and _ sinks 
and from the analytical behavior of Equation 6, the following 
general solution can be synthesized’: 


Where the £7 function is defined as 
= (4) ex dz = — 0.5772 — Inze-+ 
Zz Va 
222) 


The values of the Ei function are tabulated in the literature’. 

Equation 7 is applicable to formations where no injection 
water intake has occurred and it represents the temperature 
distribution of an infinite reservoir with initial constant 
temperature, 7, at any point r and time © when drained 
by a sink of constant strength, Q heat units per unit time 
and formation thickness, located at r=QO. In addition 
to the radial temperature variation in a unit depth of forma- 
tion, the temperature will vary vertically because of the 
geothermal gradient; therefore, the equations describe at 
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any point r the average vertical temperature in the unit depth. 

In reality, no idealized mathematical sources or sinks exist. 
but for a heat reservoir of infinite extent the dimensions of 
the system are large compared to the well radius, r,,; there- 
fore, the actual well can be replaced by a well with zero 
radius without introducing a noticeable error. 

The temperature distribution in the formation at ©,, after 
time 9,, when the well is shut-in may be calculated by intro- 
ducing at this time the mathematical concept of a heat source 
which adds heat at a rate Q,. per unit time and depth. Thus. 
the effect which removal of heat by forced convection at a 
steady rate of flow between any two times (9, to 9,) has on 
the temperature change at a subsequent shut-in time, ®, is: 


AT; =temperature change below indigenous formation 


AT; 


where 


temperature, 7’, at time 0, __ 
Q,.. = constant heat removal rate per unit depth during 
the interval from 9, to 9, 
K = thermal conductivity 
r = distance from point sink to the point at which 
T is to be determined 
= thermal diffusivity 
8 = total time since the beginning of the injection 
history 


When Equation 8 is applied to the shut-in temperature log 
data, r becomes r,, the well bore radius, and therefore the 


r 


argument of the Bi-tuncton, ( becomes sufficiently 


small so that it can be closely approximated by a logarithmic 
function’. This approximation reduces Equation 8 to: 


in( 


T,, = temperature in the well bore at shut-in time, 9, 


1,2 


where 


If the rate of heat removal has been variable over the 
injection history, but can be averaged over successive inter- 
vals; e.g., Q = Q,,. during interval 9, to 98.; Q = O (shut-in) 
during subsequent interval 8, to 9,, and Q=Q,, during 
interval ©, to 9,, then the subsequent shut-in temperature 
build-up at time 9, can be represented as: 


(10) 
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INTRODUCTION 


Deeper drilling for oil is becoming 
more and more the rule rather than 
the exception. With deeper drilling 
come additional problems, perhaps the 
greatest being those brought on by the 
higher temperatures encountered down 
the hole, particularly in the Gulf Coast 
region of Texas and Louisiana. Tem- 
perature, gradients of the order of 1.8° 
to 2.0°F/100 ft are not unusual, and 
a gradient of 2.3°F/100 ft is found in 
some areas of Texas.’ With a mean 
surface temperature of 74°F, the fol- 
lowing temperatures could be expected 
for a geothermal gradient of 2.0°F/100 
ft: at 10,000 ft, 274°F, 12,000 ft, 314°F; 
14,000 ft, 354°F; and 16.000 ft, 394°F. 
Severe gelation of lime-base drilling 
fluid in wells that have high bottom hole 
temperatures has become perhaps the 
most serious difficulty encountered in 
drilling under such conditions. 


Lime-base drilling fluids have been 
very successfully and widely used in 
the drilling of wells in the Gulf Coast 
region because of their inherent sta- 
bility toward contaminants, their abil- 
ity to suppress the swelling dispersion 
of bentonitic shales, and their ease 
of maintainance. *~* The gradual rec- 
ognition, during the past few years, 
that these muds were, in themselves. 
the cause of many difficulties expe- 
rienced in drilling has led to wide- 
spread efforts by the drilling indus- 
try’ ° to determine the reasons for the 
failure of these mud systems and to 
develop mud systems capable of per- 
forming satisfactorily under high-tem- 
perature conditions. 


References at end of paper 
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MANIFESTATIONS OF 
HIGH-TEMPERATURE 
GELATION 


It is generally possible to recognize 
the symptons of high-temperature gel- 
ation early enough that advance pre- 
dictions can be made of serious diffi- 
culties in mud control, and the useful 
life of the drilling fluids can be ex- 
tended by proper treatment. Following 
is a list of the manifestations of high- 
temperature gelation: 


(1) The drill string ‘takes weight’ 
while going in the hole after a trip. 
In early stages of high-temperature 
gelation it is possible to notice a slight 
reduction in drill string weight as the 
drill pipe is lowered near the bottom 
of the hole. (2) Excessive pump pres- 
sure is required to start the circulation 
of drilling fluid at or near the bottom 
of the hole when going back to bottom 
after a trip. As the severity of the gela- 
tion increases it may be necessary to 
break circulation a number of times 
when going in the hole. (3) The drill- 
ing fluid from the bottom of the hole 
is thick and often granular or lumpy 
when pumped up after making a round 
trip. In a severely gelled drilling fluid 
system such a condition may be ir- 
reversible; that is, it cannot be stirred 
or chemically treated to produce a sat- 
isfactory drilling fluid. (4) Comple- 
tion tools such as logging tools or per- 
forating guns will not sink to the 
bottom of the hole. On some occasions 
completion tools will become stuck 
and require a fishing job to retrieve 
them if the wire line attached to them 
is broken. It is often difficult to deter- 
mine whether the condition of the 
drilling fluid is responsible for stick- 
ing the tool or whether the wire line 
becomes key seated in a crooked hole 
and causes the above difficulty. When 
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there are no other symptoms of high- 
temperature gelation, then the difficulty 
may usually be attributed to the latter 
cause. (5) In extreme cases of high- 
temperature gelation it is necessary to 
“Wash” and “ream” when going back 
to bottom after coming out of the hole. 
(6) In many instances it has been 
found to be extremely difficult and 
expensive to pull production packers 
and tubing in moderately deep oil wells 
which had been drilled with a lime- 
base drilling fluid. In such instances 
the original mud had apparently “set” 
to a consistency approaching that of a 
weak cement. 


CAUSES OF 
HIGH-TEMPERATURE 
GELATION 


Extensive tests have indicated that 
a lime-base mud does not develop a 
highly gelled condition at tempera- 
tures below 250°F, whereas above that 
temperature such condition often de- 
velops rapidly. (Fig. 1) Concurrently, 
the following changes are evident in 
the mud: 

(1) The alkalinity of the mud de- 
creases to a very low value, with both 
caustic soda and lime being consumed. 
(2) The quartz content of the mud 
decreases sharply. (3) The bentonitic 
content of the mud decreases or dis- 
appears, with concurrent decrease or 
loss of base exchange capacity of mud 
solids. (4) New compounds formed in 
the mud have been found to be cal- 
cium silicate, calcium alminum. sili- 
cate, and calcium sodium aluminum 
silicate. (5) The mud loses the ability 
to form a filter cake of low perme- 
ability. 

The above characteristics have been 
discussed, in part, by other authors.* 
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while heating.” In addition, various 
methods of measuring the consistency 
of the gelled drilling fluid have been 
tried. In some instances, particularly 
in field tests, it has been a common 
practice to examine a heated sample 
only by visual observation by 
stirring with a spatula. The terms used 
to describe the gelled condition of the 
sample (i.e. fluid, semi-plastic and plas- 
tic) are highly qualitative and unin- 
terpretive. An asphalt penetrometer 
modified to employ a cone-shaped pene- 
trating body’ has also been used. Unless 
properly qualified, however, results ob- 
tained by means of the cone-shaped 
device are misleading since the shear 
strength property (or degree of solid- 
ification) of the drilling fluid is not 
directly proportional to the depth pene- 
trated by the cone. 


In Fig. 2 is shown a high-temperature 
bomb and shearometer tube which have 
been utilized to advantage in both lab- 
oratory and field pilot testing of drilling 
muds. The bomb, employing an “O” 
ring, gives an adequate seal for pres- 
and temperatures encountered in 
heating the bomb and contents to 350°F 
for a period of several days. The bomb 
is small (capacity of 175cc), and is 
easily handled and cleaned. The 175-ce 
capacity, which is one-half the 350-ce 
volume normally used for pilot test 
work, ( 1 gm in 350 cc is eqivalent to 
1 lb per bbl), enables the mud engi- 
neer to mix conveniently at least some 
of his pilot tests in the bombs in which 
they are to be aged. 


sures 


The shearometer tube pictured in 
Fig. 2 is machined from stainless steel 
and is sufficiently sturdy to be satis- 
factory for field use. The dimensions of 
this tube are substantially the same as 
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FIG. 1 — EFFECT OF TEMPERATURE ON THE SHEAR STRENGTH OF LIME-BASE DRILLING FLUIDS. 


It has been demonstrated that the 
presence of lime and quartz in a mud 
contribute most markedly to the de- 
velopment of a highly gelled condi- 
tion at high temperature; however, the 
presence of clay adds materially to the 
severity of the condition. The presence 
of caustic soda appears to increase the 
rate of gelation of a lime-base mud. 

It has been concluded that the high- 
temperature gelation of lime-base muds 
is caused primarily by the reaction of 
lime and quartz to form calcium sili- 
cates, and alumino-silicates, which act 
as cementing materials similar in some 
respects to the setting of conventional 
cements. 
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EQUIPMENT DEVELOPED 
FOR USE IN 
HIGH-TEMPERATURE 
GELATION PILOT TESTING 


In the past few years, considerable 
work has been done in an attempt 
to develop testing equipment that will 
enable the drilling engineer to deter- 
mine the performance of the drilling 
fluid under temperature conditions ex- 
isting within the well bore. Various 
types of containers have been used for 
heating mud samples to high tempera- 
tures. Some of these have been equipped 
with a means of placing the contents 
of the container under high pressure 
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those of the conventional aluminum 
shearometer tube.’ With proper manip- 
ulation, quantitative measurements of 
shear strength (indicative of the degree 
of solidification) can be obtained. Fig. 
3 demonstrates the measurement of 
shear strength of four different lime- 
base drilling fluids heated at 282°F 
for 16 hours. 

The procedure used is to place the 
sample to be tested in the bomb, posi- 
tion the top of the bomb, and screw 
the ring nut down hand tight. The 
sample is heated at the temperature 
and for the time interval desired, and 
is then cooled to approximately 120°F. 
After opening the bomb, the shear- 
ometer tube is placed on the surface of 
the sample and sufficient weight, if nec- 
essary, is placed on the tube to start ~ 
its downward motion. (As much as 
3,000 gms have been used with these 
tubes.) Unless too much weight has 


Vol. 198, 1953 


been placed on the tube, it will stop 
its downward motion at the point where 
the shear strength of the gelled sample 
against the surface of the tube is suff- 
cient to support the applied weight. The 
length of the tube exposed above the 
sample is measured and the shear 
strength of the sample is calculated, 
allowing for the additional weight 
placed on the tube. Measurements made 
on samples cooled to 80°F, 120°F, and 
160°F have indicated that there is no 
appreciable variation in shear strength 
at these various temperatures; there- 
fore, it is believed that the measure- 
ment as detailed above is quantitatively 
indicative of the degree of gelation or 
cementation developed in the sample 
under the test conditions. 

ANALYSIS OF 
HIGH-TEMPERATURE 
TEST DATA 
Shear strength measurements are pri- 
marily used to obtain a measure of 
static yield value in units of 1b/100 ft’. 
The general equation for calculating 

shear strength is as follows: 


Shearing stress 


Area in shear 

Force downward on tube — 
Force upward on tube 


Area of tube in shear 


The second edition of APl Code No. 


FIG. 2— BOMB AND SHEAROMETER TUB FOR MEASURING HIGH TEM- 


PERATURE GELATION OF DRILLING FLUIDS. 
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29° presents a discussion of shear 
strength and uses the following equa- 
tion for calculation of shear strength 
for the standard aluminum shearometer 
tube: 


shear strength 
[1b/100 ft*] 
174WL—WUX 
(2.42) (3.14) (DLX) 


A simplified form of this equation 
has been developed for use with the 
stainless steel shearometer tubes used 
for testing high-pH lime-base drilling 
fluids. In this equation a mud density of 
16 lb/gal (120 lb/ cu ft) was used 
since almost all wells that have diffi- 
culty with high-temperature gelation 
utilize high-density drilling fluids. The 
error involved with drilling fluids differ- 
ing in density from the 16 lb/gal (120 
lb/cu ft) reference mud is of the order 
of 4%4-lb/100 ft’ shear strength for each 
Ib/gal (or 7.5 Ib/cu ft) deviation. The 
general equation for shear strength can 
then be expressed as follows: 


Shear strength 


[1b /100 


A D 
| 


OUS MUD SAMPLES. 


PETROLEUM TRANSACTIONS, AIME 


345 3,000 


T.P. 3638 


which simplifies to the following. 


26.8 3.612 


when values for tube diameter (1.4 in). 
tube weight (0.0165 Ibs). tube thickness 
(0.008 in), and drilling fluid density 
(120 Ib/cu ft) are inserted. 

The latter equation was found to be 
of sufficient accuracy for calculation 
of shear strength data for high density 
drilling fluids. 

In order to facilitate to a further de- 
gree the calculation of shear strength 
values, especially for field use, a sim- 
plified nomographic solution has been 
prepared. Fig. 4. It was necessary to 
make a few simplifying assumptions 
in Equation 4 in order for this equa- 
tion to be amenable to a simplified 
nomographic solution. 


ASSUMPTIONS FOR 
NOMOGRAPH CONSTRUCTION 


If the shearometer tube is loaded 
until it penetrates at least approxi- 
mately one-half its length into the 
sample tested, the value of the first 


term, ———. (Equation 4), will be, in 


Shear streneth 


most cases, between 10 and 20 and will 
generally be approximately 15. Sub- 
tracing the quantity 4.0 (the last term) 
from 15 leaves a net of 1] to be added 


43,000 


SHEAR STRENGTH (LBS/100 FT?) 


FIG 3— MEASUREMENT OF HIGH TEMPERATURE GELATION OF VARI- 
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3.61Z 
to the middle term yrs The revised 


L 


form of Equation 4 including these 
simplifications is: 

strength li. (5) 
| 1b/100 x 


This equation may be solved by use 
of scales A, B, and C shown in Fig. 4. 

The extreme left scale (scale A) of 
the nomographs, Fig. 4, was modified 
to include the value 11 mentioned above 
and the constant multiplier of 3.61. 
Scale B reads directly as length of ex- 
posed end of the shearometer tube and 
is based on a shearometer tube length 
of 3% inches. 


ACCURACY OF 
THE NOMOGRAPH 


Error involved in the foregoing pro- 
cedure for obtaining shear strength 
data results from incorrect manipula- 
tion of the nomograph and shearometer 
tube by the operator and in the as- 
sumptions made in construction of the 
nomograph. In order to indicate the 
maximum possible error that could oc- 
cur from each of these factors, cal- 
culations were made comparing results 
obtained with Equation 4, the more 
exact form, with results obtained with 
Equation 5, which involves’ several 
assumptions and upon which the nomo- 
graph is based. A shear strength of 350 
Ib/100 ft? was selected for these sam- 
ple calculations. 


Error Due to Assumed 
Mud Density 


If the mud weight were 12 lb/gal 
(90 Ib/cu ft) instead of the assumed 
value of 16 Ib/gal (120 Ib/cu ft), 
the error involved would be 1.0 1b/100 
ft’ or 0.3 per cent. 


Error Resulting from Incorrect 
Reading of Depth of 
Shearometer Penetration 

An error of 1/16 inch incurred in 
the measurement of the depth of the 
shearometer penetration causes a 2.2 
Ib/100 ft? or 0.6 per cent variation in 
the calculated shear strength. 


Error Due to the Assumed Tube 
Penetration of Approximately 
One-half its Length 

A tube penetration of 0.5 or 3.0 
inches at a shear strength of 350 1b/100 
ft’ instead of 1.75 inches as assumed 
in the nomograph construction, would 
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result in a maximum error of 30 1b/100 
ft’ or 8.6 per cent from the calculated 
values at these penetrations. 


Error Resulting from Poor 
Manipulation of 
The Nomograph 


Results obtained through use of the 
nomograph were repeated shown to 
agree with results calculated 
Equation 5 within 0.25 per cent. 

These above considerations would 
give a maximum cumulative error of 
approximately 10 per cent. This maxi- 
mum error would decrease with higher 
shear strength values and increase with 
lower shear strength values. 

Consideration of the nature of these 
errors indicates that some compensa- 
tion would usually occur. To this end, 
a random selection of weights on the 
shearometer tube (20 to 500 gm) and 
lengths of emergent end of the shearom- 
eter tube (°8 to 3 in) were actually 
employed in measurements on different 
samples having shear strengths rang- 
ing from 30 to 2,210 1b/100 ft. Four 
different operators were used in de- 
termining the nomograph values, and 
their answers were compared with the 
values obtained by Equation 4. The 
error involved in the use of the com- 
plete procedure was found to be less 
than five per cent of the calculated 
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value at shear strengths above 92 
1b/100 ft’, less than one per cent above 
200 1b/100 ft*, and less than one-half 
per cent above 500 Ib/100 ft. Since 
the error involved in the actual testing 
procedure, as a whole, is in the range 
of + five per cent, it is apparent that 
the nomograph has satisfactory accu- 
racy above 92 1b/100 ft’, which covers 
the range of shear strength values that 
may endanger completion operations. 


UTILIZATION OF SHEAR 
STRENGTH DATA IN 
COMPLETION OPERATIONS 


It is believed that, with some limita- 
tions, shear strength data can be ef- 
fectively used in completing operations 
and other well bore activities. For this 
purpose, it has been assumed that in 
completion operations, the vertical shear 
forces along the wall of the tool and 
the gelled mud are the only forces in- 
hibiting the movement of the tool and 
that the effect of the size and shape 
of the ends of the tool would be 
negligible. Because of this latter as- 
sumption, some allowance should be 
made for the end effects which would 
reduce the value of the limiting shear 
strength level of the drilling fluid below 
which free movement of the tool could 
be achieved. Other factors which would 
tend to compensate for the above-men- 
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tioned end effects are the momentum of density of 15 Ib/gal (112 Ib/cu ft) 
the tool as it descends the hole and the Supponina cheanesrrenstht 
fact that the upper portion of the tool 
(15.0) (4) 25-15) = 
passes through mud which has had its : 
gel structure destroyed to some extent. 624 
With the realization that the above- 
mentioned factors can be only approxi- 
mated without considerable complica- 


Supporting shear strength = 


(2.08) (4) (187-112) = 
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Thus, a tool of the above specifica- 
tions would not be expected to pene- 
trate a 15 Ib/gal (112 Ib/cu ft) drill- 
ing fluid whose shear strength was 624 
1b/100 ft° or greater. 

A graphic solution of Equation 7 has 
been incorporated with the nomograph, 
Fig. 4, for reasons of convenience. The 
combined nomograph is shown in Figs. 
5 and 6. In this new portion of the 
nomograph, Fig. 5, the shear strength 
of the drilling fluid which will just 
support the tool is plotted against tool 
diameter, with parameters of the quan- 
tity (py—ps) plotted diagonally. (Tool 
density in Ib/ft* can be calculated 
from its physical dimensions, and con- 
version from Ib/ft* to lb/gal is ac- 
complished by multiplying the former 
by 0.1337.) Until sufficient correlative 
data are available wherein the results 
of these tests are compared with the 
success or failure of accomplishing 
specific well bore operations, it is sug- 
gested that a safety factor of two be 
utilized in predicting the practicabil- 
ity of such operations. 

It should be noted that the correla- 
tion has been designed to apply only in 
those cases where the gelled condition 
of the drilling fluid is the only factor 
restricting movement of the tool. It does 
not apply to those conditions restrict- 
ing tool movement which arise from the 
formulation of an abnormally thick 
filter cake on the face of the bore 
hole, heaving shale, caving sections of 
a formation causing a “tight” hole, 
or from junk or other obstruction in 
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certain well-bore operations can be car- ‘300 |] 
ried out. The minimum shear strength pias dees 
of a drilling fluid which a logging tool 600 4 tens 3%, 
or perforating gun will not penetrate. 2S soon. 
under its own weight as a driving force, 
has been calculated in terms of drilling sooo fonts 7.98 
fluid density and the weight and physi- 250 | . 2000 
cal dimensions of the tool. The general 200 _ Lae 1500 3 
| 300 — 
Shear strength to | ws = 
md = Unit tool weight — — 
Buoyant effect of 60 
Transforming Equation 6 to the di- SEAR ORES 
Supporting (limiting) shear 
strength (Ib/100 ft) = 20 | 
or limiting shear strength = | | | save “a! 
where density is in lbs per cu ft. rum SHEAR STRENGTH 


For example. with a tool diameter of 


FIG. 6 — NOMOGRAPH FOR CALCULATING SHEAR STRENGHT OF A HIGHLY GELLED DRILL- 


four inches, tool density of 25 Ib/gal ING FLUID AND FOR DETERMINING THE LIMITING SHEAR STRENGTH FOR RUNNING COM. 
(187 Ib/eu ft), and a drilling fluid PLETION TOOLS THROUGH A DRILLING FLUID. 
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SUMMARY 
AND CONCLUSIONS 


The manifestations and causes of the 
high-temperature gelation of lime-base 
muds have been described briefly, and 
a practical method has been outlined 
whereby pilot testing can be accom- 
plished to determine quantitatively the 
degree of gelation or cementation which 
develops in a mud under given bottom- 
hole temperature conditions. A nomo- 
graphic chart was presented for cal- 
culating shear strengths of muds from 
test data and for utlizing such data to 
predict the success or failure of specific 
bottom-hole operations. 

It is believed that the use of the 
high-temperature test equipment and 
nomograph described in this paper will 
provide a simple and quantitative pro- 
cedure for testing to determine whether 
a drilling fluid system is satisfactory 
for use in deep, hot holes. It is pos- 
sible, by means of this equipment and 
method, to utilize available mud-treat- 
ing materials to best advantage in treat- 
ing a drilling fluid to obtain optimum 
high-temperature properties. Use of this 
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procedure may extend the useful life 
of a lime-base drilling fluid to a maxi- 
mum limit and may assist in avoiding 
the delay and expense inherent in the 
attempted use of a mud system for an 
operation which it is not competent 
to perform. 
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NOMENCLATURE 
W = Weight of shearometer tube 
(Ib) 


L = Length of tube (in) 

U = Density of drilling fluid 
(Ib/cu ft) 

Uy = Density of tool (logging or 
perforating) lb/cu ft 

X = Shearometer tube penetra- 
tion (in) 

D = Diameter of tube (in) 

Z = Weight on shearometer 
tube (g) 

T = Tube thickness (in) 
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d = Tool (logging or perforating) 
diameter (in) 
r= Tool (logging or perforating) 
radius (in) 
py = Tool (logging or perforating) 
density (lb/gal) 
py. = Drilling fluid density (b/gal) 
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ABSTRACT 


Laboratory flood pot testing of California sands has pro- 
gressed to a considerable extent in the past 18 months. Flood 
evaluations have been carried out on over 200 large core 
samples. Many of these were heavy oil sands of high per- 
meability and completely unconsolidated in nature. The oil 
frequently formed a bank, though some of the oil was re- 
covered in the subordinate phase of the flood, by viscous 
drag. Flood pot recoveries as high as 1400 bbl/acre ft 
have been recorded. Reservoir analysis suggests a conformance 
factor of 0.4 to reduce laboratory recovery to probable field 
practice. Oils with viscosities up to 1800 cp have been suc- 
cessfully handled in flood pot evaluations. The shallow, 
loose sands are not well adapted to the application of high 
pressures to offset the high viscosities. 


INTRODUCTION 


Secondary recovery may be said to have started 60 years 
ago when accidental floods occurred in the Bradford sand 
in Pennsylvania. About 1921 artificially conducted water 
drives came into extensive use and since that time the great 
Bradford field has been almost completely subjected to 
water flooding. During the last 30 years, most of the known 
medium and deeper production in California has been dis- 
covered and is being exploited by primary recovery methods 
supplemented in some instances by high pressure gas injec- 
tion. The California area is just beginning to feel the need 
for secondary recovery in view of an unprecedented market 
demand and the rapidly rising cost of new pool discoveries. 

With the presently recognized desirability of secondary 
recovery in California, there must also be appreciated a 
number of serious differences between the water flooding 
problems here as compared to the territory east of the 
Rockies. California sands are generally thicker, and are 
frequently soft and argillaceous. The oils are often heavier 
and asphaltic. Much of the oil is below 15°API, occurs 
at shallow depth, is cool and free from appreciable dissolved 
gas, which results in relatively high reservoir oil viscosity. 
Secondary recovery is particularly beneficial where primary 
recovery has been poor and where no natural water drive 
exists. These conditions apply particularly to the heavy, 
shallow, clean production from soft, often argillaceous Cali- 
fornia sands so abundantly found at depths less than 1500 
feet. Often, too, there is a totally insufficient supply of water 
of satisfactory quality to inject at a reasonable cost. Also, 
the crude oils are priced far below the premium Bradford 
crude. 

Although these and a number of minor problems beset 
the operator desirous of starting secondary recovery, great 
progress has been made in the past few years in finding 
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how to adapt previous Mid-Continent and Eastern experience 
to water flooding in California. There are about nine projects 
for subsurface injection of water which can be said to classify 
as secondary recovery operations. Subsurface water disposal 
would so classify when the sand receiving the water is a 
nearby oil producer, as is often the case. When water is 
injected subsurface into a barren sand. the operation does 
not classify as secondary recovery. 

Several of the most active operators avail themselves 
extensively of preliminary engineering and laboratory work 
to guide their decisions, while others enter small scale flood- 
ing operations directly in the field. It is the laboratory work 
pertinent to several of the California secondary recovery 
projects that this paper discusses. 


PURPOSES OF LABORATORY 
FLOODING TESTS 


Experience in areas where water flood operations have 
been carried out has indicated that careful engineering 
planning is an important requisite for subsequent economi- 
cally successful field operation. Floods that fail are more 
frequently those where operations were instigated without 
a prior engineering investigation to determine the effectiveness 
of the injection fluid as an oil displacing medium. 

Laboratory data are essential in the evaluation of an oil 
property for secondary recovery possibilities. Success or fail- 
ure of secondary operations can under certain special cir- 
cumstances be determined directly by cores and their sub- 
sequent routine analysis. This is particularly the case where 
flushing of the cores in the course of coring is negligible 
and where the results of the analysis can be compared with 
existing secondary recovery operations. Where these condi- 
tions cannot be fulfilled, the application of core analysis is 
more limited. In such event, the results obtained by water 
flooding core samples in the laboratory have been found to 
be of prime importance. Cores may be flooded “raw” as taken 
from the well or in the event flushing and depletion of the 
cores in the process of drilling are major factors the fluid 
content may be artificially restored prior to the flooding. 

Laboratory studies should also be made to determine the 
suitability of the water selected for injection. Thus inter- 
action between injected and formation water may cause pre- 
cipitates to be formed which may plug the sand. Even more 
important, especially to California operations, is the pos- 
sibility of the hydration of formation clays by the injection 
water. 

The aims of flood pot and associated tests are basically 
to determine the residual oil saturation after flood, the water- 
oil throughput ratio and to establish whether an oil bank is 
formed. Additional information which can be obtained from 
flood pot tests pertains to the pressure differential required 
to effect displacement, the relative permeability to oil in the 
oil bank and the relative permeability to water in the watered 
out region behind the bank. 
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PREVIOUS LABORATORY 
AND FIELD EXPERIENCE 


Actual field results and corresponding laboratory data 
available to date for California flooding operations are as 
yet too meager to warrant any large scale deductions. The 
published literature deals for the most part only with such 
field results as have been obtained and is not extensive. * ‘"""‘ 
These data do serve to indicate, however, that none of the 
projects to date has been economically significant, as none 
has progressed beyond the pilot plan stage. Accordingly, no 
empirical factor is available as yet to correlate laboratory 
data directly with subsequent actual California field per- 
formance of full scale floods carried to economic depletion. 
The flood pot residual oil saturation data can be used, how- 
ever, in conjunction with analytical procedures to predict 
actual field performance. Where such calculations have 
been made, the ratio between economically feasible field 
recovery and that indicated hy the flood pot tests carried to 
infinite oil-water ratios is consistent with those as observed 
for actual field floods east of the Rockies. It is to be noted 
of course that such a conformance factor for the more viscous 
California oil is somewhat lower than for the more fluid 
Eastern oils. Thus early laboratory data and analytical com- 
putations indicate that California pools respond to water 
injection in a manner generally comparable to that of the 
eastern reservoirs. The literature on field experience in 16 
states and on laboratory results largely connected with Brad- 
ford flooding is voluminous.° 


PRESENT INVESTIGATION 


As mentioned earlier, a demand for crude oil greater 
than the present maximum efficient rate of production of 
California pools, along with the excessive cost of new dis- 
coveries, has spurred operators to investigate other means 
of increasing both current rates of production and also 
ultimate recovery. The use of gas as a means to augment 
native reservoir energy has been widely resorted to, but only 
recently has water flooding been considered to supplement 
primary recovery. Several operators, with quite varied prob- 
lems, have thoroughly investigated the feasibility of flooding 


Table I 
Physical Properties of Flood Pot Samples, California Pools 
Minimum Maximum 
1. Depth, ft ote ae 350 3600 
2. Temperature (Rservoir), °F . . . 90 170 
3. Oil gravity, “API 30. 
4. Oil viscosity (Reservoir), cp . . . 5 1800 
8. Initial oil saturation, per cent . . . 6.5 83 
9. Minimum floodable oil 
10. Residual oil saturation, per cent . . 3.0 67 
11. Initial water saturation, per cent . . 4 86 
12. Maximum floodable water 
saturation, per cent 86 
14. Oil recovery by flooding, 
15, Oil recovery by flooding, 
16. Final cumulative aren ont ratio 10 10000 
17. Fill-up during flood pot test, per cent 2 23 


*Ratio of air permeability to reservoir oil viscosity. 
For effective reservoir mobility, See Table 3. 


220 


PETROLEUM TRANSACTIONS, AIME 


RECENT LABORATORY INVESTIGATIONS OF WATER FLOODING IN CALIFORNIA 


LABORATORY FLOOD POF 
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FIG. 1 


from a theoretical standpoint, using laboratory data as a 
basis prior to initiating field tests, while a few have started 
field tests with only a bare minimum of engineering data. 

Choosing a pool for water flooding requires an extensive 
knowledge of all reservoir characteristics, as well as ex- 
perience as to the practical aspects and economic factors. 
Before amassing the specific core analysis data that are 
essential to a flooding program the pool must be chosen on 
the basis of existing data. The main features to be sought 
are: (1) High residual oil content after primary depletion. 
(2) Low water content of sand. (3) Insufficient natural water 
drive. (4) Oil of low to medium viscosity to avoid excessive 
by-passing.(5) Shallow depths to keep development costs 
down. (6) Availability of large volumes of satisfactory injec- 
tion water at low cost. (7) Pipeline outlet for a reasonable 
production rate. 

Other factors to be considered are such-items as sand 
thickness, frequency of faulting, dips, argillaceous content 
of sand, wax content and pour point of oil, condition of old 
wells, and ownership complexity. Sometimes this last con- 
sideration outweighs a great many favorable factors and a 
pool with a simpler ownership must be sought. 

Table 1 indicates the nature of some of the California 
pools for which conditions as outlined above were considered 
to be sufficiently favorable to warrant the performance of 
flood pot work. It will be seen that much of the flood pot 
recovery was obtained in spite of oil viscosities much higher 
then the 30 cp which had commonly been mentioned in Mid: 
Continent discussions as a probable practical upper limit for 
floodable oil. There is no reason to believe from the behavior 
of the sand samples containing the most viscous -oil that 
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even they were at the threshold of floodability. On the con- 
trary, the fifth highest bbl/per acre ft recovery was ob- 
tained on a core with the maximum oil viscosity. This is not 
entirely a fair statement without mention of the porosity, 
initial oil saturation, sand permeability and other factors, 
but it does indicate strongly that 1800 centipoises is appar- 
ently not an upper limit for floodable oil. 

Table 1 further shows the wide range of sand properties 
which were satisfactory for flooding. It suggests strongly that 
there is no simple criterion for floodability. Certainly no 
accurate estimate ean be made as to the expected recovery, 
either per cent or bbl/acre ft, nor can the water-oil ratio 
be estimated from the usual core analysis figures of porosity, 
permeability and saturation. Flood pot tests are basic to 
an understanding of the performance of any given sand under 
imposed water drive. 


Recovery of a considerable fraction of the floodable oil 
at low water-oil ratios, which is considered synonymous with 
bank formation, is economically desirable. This can be roughly 
predicted from Fig. 1, based on initial oil and water satura- 
tions. A typical flood pot test history for a sample where 
an oil bank was formed is shown in Fig. 2. Fig. 3 depicts the 
history for a test where an oil bank was not formed. 


It has been stated in the literature that it is advisable 
occasionally to take one or two cores using oil or oil base 
mud as the coring fluid as such cores furnish useful infor- 
mation with regard to connate water saturations even though 
they may have less value in determining directly recoverable 
oil. This statement must be considered in the light of em- 
pirical interpretation. Since many California sands are so 
argillaceous that either a brine base or an oil base mud 
must be used to avoid plugging off the well bore, it is 
likely that in many California flood projects oil or oil base 
mud will have been the drilling fluid. Consequently, an 
empirical understanding and interpretation is being developed 
for this type of core in California. It seems entirely prac- 
ticable from these preliminary data that usable correlations 
should be possible. 


The gas saturation at the time a core is received at the 
laboratory is almost without exception greater than in the 
formation. Usually, oil is the liquid expelled from an oil 
sand core by expansion of the gas on reduction of formation 
pressure to atmospheric. Thus, if an attempt is to be made 
to duplicate formation saturations, some crude oil should be 
injected into the core before testing in the flood pot. How- 
ever, since this operation would be closer to a research project 
than to routine flood pot testing, such adjustments of fluid 
content are not ordinarily made. The recovery, both as per 
cent and as bbl/acre ft would certainly be enhanced by such 
oil injections. The error introduced by gas saturation is rel- 
atively insignificant if flood pots are used to obtain residual 
oil saturation after flooding, to serve as a basis for subsequent 
analytical recovery calculations. If, on the other hand, flood 
pot recoveries are to be corrected by an empirical conformance 
factor to so serve as a direct indication of actual field per- 
formance, the conformance factor will vary as some function 
of the initial gas saturation. 

Considerable skepticism has been expressed with regard 
to California water flooding because of the high permeability 
variation of California oil sands as compared with Mid-Con- 
tinent and Eastern sands. Data shown by Standing, Lindblad 
and Parsons,’ together with comments by E. C. Babson, de- 
rived from nine sources, indicate that a maximum permeabil- 
ity variation of 0.85 exists in both California and Kansas, 
and that the average of 36 California sands shows a varia- 
tion of 0.55 while 9 sands east of the Rockies 
average variation of 0.72. These represent sands in Louisiana 


show an 
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(Lafitte), South Texas, Gulf Coast, Permian Basin (Slaughter), 
Kansas (Neosho County), and Pennsylvania (Bradford), but 
may not represent the general average of all sands east of 
the Rockies, many of which have been successfully flooded. 
It is significant that the two figures available for Bradford 
sands are 0.80 and 0.49, while the two figures in a California 
sand subjected to an early flood are 0.52 and 0.58. Only one 
variation out of the 36 exceeds 0.77 in California, while 
four of the nine figures above quoted for sands east of the 
Rockies are 0.79 or higher. 

Difficulty in flooding thick sand sections frequently occurring 
in California may be much more of a problem. It may re- 
quire segregation into thinner intervals where possible, with 
successive floods restricted to the thinner sands, or less likely, 


completely separate simultaneous floods in separable zones. 
Table 2 
Summary of Flood Pot Data 
(Maximum, Minimum, and Average) 

Gas 
Initial Residual Recovery Oil Saturation 
Permea- Poro- Water Mobi- 
bility sity Oil Water Oil Water B/A Oil lity Initial Final 


Pool md. % %o %o % ft. Ratiomd/ep % % 


A 220 25 30 26 16 62 28 225 1500 28 8 


400 34 45 42 25 69 48 520 3700 3218 
350 32 36 33 2 66 40 360 2260 24 31 18 
B 9 1 10 19 10 46 0 0 10 1724 
590 24 “51 66 31 66 60 860 95 39 31 
300 20 35 37 2 54 35 200 50 14 28 26 
60 14 3.9 87 35 73 65 7 235 6 1 
620 23 29 39° «17 «89 6270 42 19 
395 17 #«2»+15 +60 il 80 16 60 2200 8 25 9 
760 43 29 
320 23 33 37 22 56 30 195 175 5.4 30 22 
E 30 19 65 37 3.0 71 10 16 305 
500 29 29 86 23 87 51 110 4850 41.20 
7 31 69 +67 «235 +74 «72 715 570 43 32 
220 22 34 39 2 60 40 245 145 6 27 20 
40 26 67 +54 36 77 74 720 660 38 37 
1:0 22 35 39 «+19 «+63 44 270 140 5.2 26 18 
H 54.4 29.2 32.5 44.2 31.4 495 505 45 11.8 
4900 45.3 59.7 35.8 38.6 55.0 45.5 750 1230 14.4 17.2 
4108 39.6 57.1 32.2 36.6 48.8 36.0 626 895 2.2 10.9 14.8 
I 28 183 6.4 123 3.0 556 100 16 38 8.0 5.1 
1055 28.5 41.0 85.6 23.2 86.8 58.6 383 4850 52.2 29.8 
328 22.9 20.3 48.9 12.8 67.2 34.6 135 1230 29.8 31.0 20.2 
J 2370 «30.0 41.3 296 297 5.8 81 53 1.0 1.0 
27450 43.6 83.3 52.0 66.6 69.2 59.5 1412 8970 22°2 19°8 
9682 38.4 68.5 20.0 41.9 503 37.9 783 789 5.7 11.6 7.8 
K 650 27-6 39.7 82 18.2 274 5.4 102 73 18 S28 
7940 45.6 80.3 48.8 62.3 71.4 68.4 1254 4320 26.1 29°2 
3418 37.4 57.7 28.6 31.8 55.5 44.2 739 637 8.6 14.1 13.2 
10050 43.9 72.5 55.8 35.4 78.7 71.0 1223 4670 55.3 38.5 
9364 33.2 42.7 35.3 21.9 60.8 46.2 529 1492131 22,2 17.1 
M 1705 35.1 28.0 30.2 186 601 83 73 493 13.5 12.8 
6620 40.5 54.4 32.1 25.6 68.6 65.9 975 3060 418 143 
N 848 2008" 52 17 22.9 18.8 
4145 36.2 Al 5623) 29.2. 73.6 657 10350 40.8 15.1 


66.4 35.3 340 2071 226 27.6 12.2 


O 750 34.4 51.9 37.3 27.4 66.6 47.2 675 57 Loo BO 
968 35.5 60.5 44.0 30.6 66.7 49.3 795 188 Fr i 
859 35.0 56.2 40.7 29.0 66.7 48.3 735 123 214 2.7 4.4 
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LABORATORY TECHNIQUES 


All the work herein discussed was carried out on radial 
samples flooded from the outside inward. The raw core was 
cleaned by wire brushing, the ends cut off square and a 14-in 
“Well” drilled about 90 per cent of the length of the sample. 
Suitable precautions were necessary and frequently very 
bothersome in the handling of the softer samples. Flooding 
can be carried out on any sample that can be core analyzed, 
though the work is often painstaking. 

The large radial core block (as contrasted with the standard 
size “plug” for porosity, permeability and saturation) was 
mounted in the flood pot with suitable plastic material to 
prevent by-passing of the flood water from the pressure 
supply into the receiver. A burette was used above the pot 
to receive the oil recovery from the 14-in well so that its 
volume can be read at any time. An overflow device was 
used to separate the water so it could be measured separately. 
Periodic readings permit calculation of oil recovery vs time, 
or vs pore volume water throughput and the determination of 
instantaneous and cumulative water/oil ratio, relative per- 
meability to oil and water, and from these, the general 
performance of the sample. 

The pressure used was generally 10 psi, against a back 
pressure of about 1 psi from the burette collector. The 
temperature was regulated by electric heater to duplicate 
closely the formation oil viseosity. The time was whatever 
was required to reach a negligible oil rate, or an excessive 
water/oil ratio, and in some cases ran over a week; some- 
times less than a day. The properties of the flood block 
were measured after completion of the flood by cutting sey- 
eral standard plugs from the block and running these through 
the regular core analysis technique. From the bulk volume 
of the block, the pore space, the residual saturation and the 
oil recovered, calculations were made of the initial satura- 
tion. It was often found that the standard results on the 
adjacent cere analysis plug on the basis of which the flood 
block was selected, were quite different from the actual flood 
block results, particularly as to permeability and saturation. 


DISCUSSION OF RESULTS 


Table 2 is a general summary of average flood pot data 
vy pools, showing maximum, minimum and average values 
of the various parameters inyolved. 

Examination of these figures shows the wide variety of 
results that may be expected from different types of sands 
with a variety of saturations, with oils of various viscosities 
or mobilities. It is not at all true that the lightest oils show 
the only worthwhile recovery by flood pot test. It might be 


expected that the heavier oils would show much_ higher 
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FIG. 3— FLOOD POT HISTORY — NO OIL BANK FORMED. 


water/oil throughput ratios than the lighter oils, but even 
this is not universally true. Low water throughput per barrel 
of oil produced is not limited to either tight or permeable 
sands. The most outstanding correlation that can be made 
fairly generally is that the greatest economic oil recovery 
can be expected where the most oil is initially present. 

Some generalities may be stated as regards oil recovery 
by water flooding in the laboratory, but these rules are not 
rigorous. 

1. Greater recovery in bbi/acre ft accompanies higher 

initial oil saturation. 
2. Greater recovery in bbl/acre ft accompanies higher 


porosity. 

3. Percentage recovery follows roughly the initial oil sat- 
uration. 

4. Residual oil is generally higher with higher initial 


oil saturation. 
Bank formation may be predicted roughly from initial 
oil and water saturations, as shown in Fig. 1. 

6. Mobility alone does not govern oil recovery. 

One additional piece of information useful for engineering 
calculations is the relative permeability to oil at the beginning 
of the flood, and the relative permeability to water in the 
flooded-out region at the end of the test. Typical oil and 
water permeability values are shown in Table 3. 

Examination of Table 3 shows the wide variety of relative 
permeabilities which are measured in the flood pot tests. 
It should be pointed out that the relative oil permeabilities 
shown were not measured simultaneously with the relative 
water permeabilities. The oil figure is obtained during the 
early stages of the flood, when the oil bank (if any) is being 
moved through the sand. The figure for water is determined 
later, in the flooded-out region after the bank or early stages 
have passed, by simple calculations from the last water volunie 
and time readings. 

The relative permeability examples shown on Table 3 
are arranged in order of increasing air permeabilities, and 
are from the majority of the pools shown in Table 2. It 
is interesting to note that oil recovery tends to increase with 
increasing permeability to both air and oil, but this is 
believed to be largely because of increasing porosity, rather 
than the direct effect of permeability on oil mobility. 

Much discussion has arisen regarding the relative merit 
of radial vs linear flood samples. From a given size core a 
larger sample may be cut for radial than for linear testing. 
Large size is usually considered to enhance accuracy and 
is more likely to be lithologically representative of the forma- 
tion. Also, it is often easier to mount a radial sample and 
prevent by-passing. On the other hand, the linear sample 
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probably results in a more uniform residual saturation. 
Certainly there is little advantage for the radial sample in 
duplicating the radial flow system of the field, other than 
to reduce the area of the outflow surface and thus presumably 
reduce the error inherent in “hang-up” of oil on this face 
‘end effect). It is felt that either method should yield useful 
results if carefully handled. 

The treatment of water for flood pot work should parallel 
t'e expected field practice. The same source should be used 
and the same physical and chemical treatment should be 
given, except that the type of filter will usually be different. 
Important advances are being made in water treatment de- 
signed specifically to improve oil recovery. Additives used for 
this purpose are entirely aside from the usual treatment to 
el’minate suspended solids, instability, bacteria and cor- 
rostveness. 


CONCLUSIONS 


1. Some of the heavier California crude oils were recovered 
successfully in flood pot tests. 

2. Reservoir oil viscosities up to about 1800 cp have given 
as encouraging recoveries as have lighter oils, and frequently 
at comparable water/oil throughput ratios. There is no reason 
to believe that 1800 cp approaches the upper limit of flood- 
able viscosity. 

3. The water/oil ratios in these flood pot tests did not 
differ in order of magnitude from similar values found in 
laboratory tests on Mid-Continent and Eastern sands. 

4. An oil bank was frequently formed in these flood pot 
tests. 

5. Considerable oil was recovered by viscous drag (sub- 
ordinate phase of the floed). 

6. Neither emulsion formation nor sand trouble character- 
ized this flood pot work. 

7. Residual oil saturation was comparable with flood 
pot yalues found in Mid-Continent and Eastern laboratories 
for lighter oils. 

8. Recovery of oil was greater the more oil was initially 
present. 

9. Residual oil saturation was greater the more oil was 
initially present. 

10. Bank formation was more likely the more oil was 
initially present. 

1]. The initial oil saturation below which these flood pot 
tests did not recover appreciable oil was exceptionally low. 

12. The initial water saturation above which oil recovery 
was negligible was surprisingly high, in these tests. 
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13. The per cent oil recovery from flood pot tests cannot 
be predicted from ordinary core analysis data. Some physical 
and chemical factors are quite important, other than those 
controlling porosity, permeability and saturation. 

14. Sands have yielded appreciable flood pot recovery with 
ol mobility as low as 0.6 md/cp and excellent recovery 
was obtained at 1.8 md/cp. 

15. California sands studied so far do not appear to have 
less favorable permeability variation than sands east of the 
Rockies that have been flooded successfully. 

16. Flood pot tests have been unsuccessful in both para- 
fin base and asphaltic base pools. 

17. Water pre-treatment was found important to successful 
flood pot tests, though it is probably more important in 
field practice. 

18. Effective permeabilities to oil in the “bank” were 
reasonably high, though they were extremely low in the 
“watered-out” region. 

19. Effective permeabilities to water in the “bank” were 
very low. and often remain low even in the “watered-out”’ 
region. 
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Satu- Satura- i y* 
K air Ko Kr ration Kw Kr tion Oil Oi! Recovery 
md md ) Oil, % md w Water, % md/ep % B/acre ft 
60 25 0095 Atl .057 00095 67 .0162 65 335 
90 .00097 000011 6.5 8.5 095 87 .00021 51 60 
110 2) 026 30 3.0 027 61 .0082 4] 170 
160 14 00088 29 21 13 72 .031 16 20 
220 16 00073 31 37 ii 69 O11 48 290 
330 24 00073 31 1.1 0033 66 .0068 PAH 150 
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eabili'y from flood pot tests. 
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DISCUSSION 

By C. R. McEwen, Union Oil Co. of Calif., Brea, Calif. 

California operators should welcome the data presented 
in this paper, since there is a real dearth of published facts 
regarding water flooding in California. 

The basis for determining when to stop flooding appears 
to have been somewhat subjective. Consequently, the water- 
oil ratio, as given in Table 2, probably has only qualitative 
significance. 

On the basis of the behavior of the water-oil ratio during 
the course of the flood (Figs. 2 and 3), the authors have 
postulated the existence of an oil bank in some of the 
cores and no oil bank in others, generally implying that 
good recovery and oil bank formation go hand in hand. This 
is an interesting point for conjecture. If an oil bank is some- 
thing that is built up by an accumulation of oil as flooding 
water penetrates into the core, a phenomenon presumably 
made possible by the compression of gas, then the longer 
the core, the better the chance of forming such an oil bank. 
Thus, the observation that there was no oil bank formed in a 
flood pot may not be safely carried over to the displacement 
of oil in the particular field. One might even go so far as 
to guess that field recovery would be superior to laboratory 
recovery. At any rate, the concept of the oil bank would 
appear to be in need of more direct substantiation. 

The figures given in Table 3 for relative permeability to 
oil in the oil bank seem unusually low and may reflect the 
difficulty of inferring relative permeability data during an 
essentially transient flow condition; namely, the displace- 
ment of oil from the core. 


DISCUSSION 

By W. W. Wilson, Continental Oil Co., Ponca City, Okla. 

This paper reports an analysis of a large number of flood- 
pot tests of California oil sands. The results obtained were 
compared with published data from other areas and a small 
amount of performance data from California water injection 
projects. As a result of this analysis, the authors presented 
a list of 19 conclusions and six general statements with 
regard to their laboratory water flooding tests. Unfortunately 
the paper does not contain sufficient basic data with which 
to evaluate all of the conclusions and generalities therein. 
Table 2, for example, is presented as a summary of flood 
pot data showing maximum, minimum and average values. 
Inspection of the saturation data and percentage recoveries 
shows that each horizontal line in this table must contain data 
from more than one test run. Some indication of the spread 
of mobilities for each pool also would have been valuable 
information. Table 3 is difficult to interpret, especially in 
view of the extremely low oil saturations reported for the 
oil bank portion of the test. 

It is interesting to note that all of the flood pot tests 
apparently were made with an average pressure differential 
of about 9 psi across the core sample. This amounts to a 
pressure gradient of at least 50-75 psi per foot, depending 
upon the dimensions of the core. Flooding was continued 
in many cases to very high WOR. These conditions are a 
far cry from field conditions, where pressure gradients are 
usually in the range of one or two psi per ft except in the 
immediate vicinity of the wells, and where producing WOR 
is seldom as high as 100:1. (Admittedly producing WOR 
may bear little relationship to laboratory WOR because pro- 
ducing WOR usually is a composite of the production from 
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many zones of differing permeabilities.) The paper fails to 
place adequate emphasis on the possible effects of these 
conditions upon the conclusions reached. Conclusions Nos. 2, 
5, 6, 9, 11, 12, and 13 might be modified substantially if 
laboratory conditions were more nearly comparable with 
field conditions. 

A “conformance factor” of 0.4 to reduce laboratory data 
to probable field performance is suggested by the authors, 
but they fail to state how it was derived. The necessity of 
applying such conformance factors to correlate flood pot 
tests with field performance illustrates clearly the difficulty 
of attempting to apply flood pot data quantitatively. 

The concluding two sentences appear to be completely 
unwarranted from the point of view of this paper. 


AUTHORS’ REPLY TO 
MESSRS. WILSON AND McEWEN 


In answer to Mr. McEwen’s comments: It is our opinion 
that the formation of an oil bank is dependent mainly upon 
the oil-water viscosity ratio, though partly on the mobility 
index ratio. As this is an intrinsic property of the reservoir 
fluids and possibly of the reservoir rock, the length of the 
sample tested should have relatively little bearing on the 
test results. 

The relative permeability data computed from flood pot 
test results cited in Table 3 is in excellent agreement with 
the results of actual relative permeability tests which were 
made in the customary manner for the sands involved. In 
most cases where we have been able to make both types of 
test, the agreement has been satisfying. 

Mr. Wilson’s comment that flood pot experiments do not 
duplicate field conditions is a statement of a well-known 
fact. It is customary to run flood pot tests at even higher 
pressure differentials than those reported in the present paper. 
the purpose being to reduce the oil content to a physical 
minimum residual value. A similar reduction of the forma- 
tion oil saturation to a minimum residual value is economically 
impossible because of large and small scale by-passing, which 
gives rise to economically disastrous produced water-oil ratios. 
The modification of the laboratory data by a “conformance 
factor” to make them more directly applicable to field prac- 
tice is an attempt to allow for the effects of by-passing as 
by taking account of the permeability profile or permeability 
variation factor. The attempt to duplicate field practice by 
incomplete flooding is less justifiable than the procedure 
being used. The general procedure for making flood pot 
tests is deseribed by Earlougher and Robinson.* These authors 
also cite that on the basis of their actual experience with 
flood pot results and subsequent actual field performance, 
a conformance factor of from 0.2 to 0.9 is indicated. The 
estimated California figure of 0.4 cited in this paper was 
established on the basis of an analytical procedure to pre- 
dict actual field performance. These calculations have lab- 
oratory flood pot test results as their basis. The analytical 
procedures had to be resorted to as no California Field floods 
have as yet been carried to economic depletion. 

Mr. Wilson’s remark, “The necessity of applying such 
conformance factors to correlate flood pot tests with field 
performance illustrates clearly the difficulty of attempting to 
apply flood pot data quantitatively,” suggests that he is not 
aware of the wide-spread and satisfactory engineering appli- 
cation of flood pot data. It is true that laboratory and field 
conditions are different, but the conformance factor and such 
oher -uncontrolled factors as these are grouped together in 
the empirical factor used to modify the flood pot results. 

*R, C. Earlougher and J. M. Robinson: “Prediction of Secondary Re- 


covery from Core Analysis,” Secondary Recovery of Oil i 
States, second edition, API. 
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EQUILIBRIUM VAPORIZATION RATIOS FOR NITROGEN, 
METHANE, CARBON DIOXIDE, ETHANE, AND HYDROGEN 
SULFIDE IN A NATURAL GAS — CONDENSATE SYSTEM 


R. H. JACOBY, STANOLIND OIL & GAS CO., TULSA, OKLA., AND M. J. RZASA, CITIES SERVICE RESEARCH 
AND DEVELOPMENT CO., TULSA, OKLA., MEMBER, AIME 


ABSTRACT 


Experimental equilibrium vaporization ratios were obtained 
for nitrogen, methane, carbon dioxide, ethane, and hydro- 
gen sulfide in natural gas-condensate systems. Two different 
overall mixture compositions were investigated over the pres- 
sure range 500 to 4,000 psia at 100°, 150°, and 200°F. Partial 
phase diagrams of the mixtures were obtained; one of these 
showed a critical point at 204°F and 3,875 psia. 


These and earlier data’ were compared with the Kellogg 
correlation’ at 100°F and 1,000 psia. 


INTRODUCTION 


The authors’ have presented equilibrium vaporization ratios 
for nitrogen, methane, carbon dioxide, ethane, and hydrogen 
sulfide in complex mixtures, such as natural gas-crude oil 
and natural gas-absorber oil. Since mixtures of the natural 
gas-condensate type also occur widely in petroleum reser- 
voirs and often contain the non-hydrocarbons mentioned, it 
would be useful to have appropriate K data for calculating 
equilibrium vaporization conditions. Roland, Smith, and Kave- 
ler? obtained K’s for methane and the light hydrocarbons 
in gas-condensate mixtures; and Poettmann and Katz’ ob- 
tained K’s for carbon dioxide in a gas-condensate system. The 
data presented in this paper exiend this coverage to include 
K’s for nitrogen and hydrogen sulfide and phase diagrams 
for the experimental mixtures. 


References at end of paper. ; 
Manuscript received in Petroleum Branch office Jan. 15, 1953. 


Vol. 198, 1953 


PETROLEUM TRANSACTIONS, AIME 


EXPERIMENTAL WORK 


The equipment and experimental procedure was essentially 
as described previously’, except for analysis of the vapor 
samples. The vapor sample bombs were filled at the pressure 
and temperature of the run. Immediately after sampling, a 
portion of this sample was flushed from the bomb into a 
650 ce glass bulb, filling it to near atmospheric pressure. 
The sample in the glass bulb was then analyzed by the 
mass spectrometer. Some checks were made on this analytical 
procedure to find the accuracy of measurement of the Cs+ 
content of the vapor samples. The modifications tried were 
complete fractionation of the vapor sample and the use of 
several liquids (depropanized condensate and retrograde liquid 
from several vapor samples) as calibrating materials for the 
mass spectrometer. The results obtained from these various 
checks differed by about 10 per cent relative and this is 
believed to be the order of accuracy of the vapor Cs+ 
concentrations. 


Table 1 


Analyses of the Materials Used to Make Up the Mixtures 
Shown in Table 2. 


Natural Gas 


_Depropanized Condensate 


Component Cyl. No. 1 Cyl. No. 3 Batch No. 1 Batch No. 2 
Nitrogen 2.26 Mol % 
Methane _____.95.98 96.06 Mol % 
Carbon dioxide 0.03 0.09 
3.76 
0.03 0.09 
Isobutane | 0.05 0.60 Mol % 0.87 Mol % 
n-Butane § 4.04 3.27 
Isopentane 6.36 7.70 
n-Pentane _ 9.50 9.08 
Hexanes _.. 16.08 17.08 
Heptanes plus 63.42 62.00 

.W.C..+ 120. 120. 
Sp.Gr. 60°F /60°F C4 0.756 0.761 
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Table 2 


Nominal Overall Mixture Compositions 


Mixture Designation 


Material B-2 B-3 


Nitrogen (99.9%) Mol % 
Natural Gas 1 8 

Carbon Dioxide (99.9%) 3 
Hydrogen Sulfide (99.9%) 3. 
Depropanized Condensate 


3.0 
1.0 
3.0 
3.0 
10.0 


MATERIALS 


The materials used to make up the mixtures were: Mathe- 
son pre-purified nitrogen, natural gas (Matheson 96 per 
cent methane), Matheson bone-dry carbon dioxide, Matheson 
hydrogen sulfide; and condensate, which was prepared from 
a sample from a gas-condensate field in Nueces County, Tex. 
The field sample of condensate was depropanized before use; 
analyses of the two batches of depropanized material used 
are shown in Table 1. Batch No. 1 was used for runs 176 
to 203, batch No. 2 for runs 204 to 253. Three cylinders of 
natural gas were used during the work; mass spectrometer 
analyses of the gas from two of these are shown in Table I. 


NITROGEN, METHANE, CARBON DIOXIDE, 


ETHANE, AND HYDROGEN SULFIDE IN A NATURAL GAS - CONDENSATE SYSTEM 


RESULTS 


The experimental program consisted of maintaining overall 
mixture composition constant while varying pressure from 
500 to 4,000 psia at the temperatures 100°F, 150°F, and 200°F. 
The nominal compositions of the two mixtures used are shown 
in Table 2. 

The analyses of the phase samples and the K values cal- 
culated from them are given in Table 3. Separate runs were 
made to obtain the equilibrium flash curves for each mixture 
at several temperatures. From these data, partial phase dia- 
grams were obtained as shown in Figs. 1 and 2. 

The critical point of B-2 mixture was found to be 204°F 
and 3,875 psia, and critical opalescence was observed in this 
region. The usual bluish-gray color by reflected light was 
observed; the color by transmitted light varied from straw 
to a medium amber, the stronger color occurring at non- 
equilibrium conditions very near the critical point. 

The K data data for B-2 mixture are plotted on log K vs 
log pressure graphs in Figs. 3, 4, and 5. 

The pressures and temperatures reported in Table 3 are 
believed accurate within + 10 psia and = 0.5°F, respectively. 

A measure of how well the overall mixture compositions 


Table 3 


Experimental Phase Analyses for B-2 Mixture 


Nitrogen Methane Carbon Dioxide Ethane Hydrogen Sulfide Butanes C+ Composition of C7-+- 
Run Temp. Press. Vol. % : Sp. Gr 
213 99.9 373 3.9 .0012 .0530 44.2 0911 .8439 9.26 .0069 .0325 4.71 .0062 .0115 1.85 .0203 .0339 1.67 .0259 .0041 .16  .8484 .0211 .02 812 0.7 
230 100.2 615 7.0 .0030 .0596 19.9 .1362 6.10 .0166 0495 2.98 .0114 1.30 .0285 1.06 .0375 .15 .7711 .0140 0182 119 
187 99.7 813 10.2 .0070 .0761 10.9 .1702 .8230 4.84 0163 .0393 2.41 .0100 .0110 1.10 0308 .0271 .880 .0281 .0106 — 7376 .O111 .0150 .5249 0.761 119 
205 99.3 1750 25.2 .0099 .0593 5.99 .3588 .8646 2.41 .0238 1.29 0125 .704 .0211 .0408 .0039 15183 .0224 .3777 0.762 120 
231 100.2 2495 34.3 .0137 .0603 4.40 .4426 .8355 1.89 .0367 .0450 1.23 .0121 .0102 .843 .0326 .0205 .629 .0457 .0025 — 4166 .0260 .0624 .2988 0.762 121 
212 99.5 3382 51.5 .0356 .0576 1.62 .5327 .8240 1.55 .0237 .0284 1.20 .0110 .0092 .836 .0265 0184 .694 .0544 0132 .24 3161 .0492 (156 .2286 0.760 120 
** 0.715 102 
201 151.7 655 7.0 .0049 .0704 14.4 1112 .8067 7.25 .0109 .0446 4.09 .0054 .0105 1.94 .0193 .0313 1.62 .0267 .0055 .21 8216 .0 7 7 
932 152.3 888 7.3 .0052 .0604 11.6 .1702 .8267 4.86 .0174 .0478 2.75 .0088 .0124 1.41 .0241 0274 1.14 .0051 .16 0002 3595 118 
179 152.1 1084 10.5 .0068 .0598 8.79 .2317 .8543 3.69 .0129 .0300 2.33 .0101 .0106 1.05 .0288 .0259 .899 .0262 .0107 —- 6835 .0087 — .4987 0.764 122 
214 152.1 1456 15.6 0071 .0508 8.42 .2791 .8425 3.02 0196 .0352 1.80 .0096 941 0286 0242 846 .0037 .10 6199 .0250 .0403 "4517 0.761 119 
183. 151.7 2052 27.3 .0180 .0830 4.61 .3430 .8026 2.34 0296 .0454 1.53 0107 .0103 963 0261 .793 .0058 115 0268 .3725 0.765 123 
200 151.8 2555 35.0 .0268 .0855 3.19 .3953 8097 2.05 .0416 1.49 .0086 .0087 1.01 .0242 849 .0398 15 (0244 .0516 /3448 .0764 120 
196 151.8 3025 37.7 .0372 .0932 2.51 .4471 .8022 1.79 .0226 .0301 1.33 .0096 .0095 .990 .0282 .0215 .762 .0583 .0128 .22 3970 0307 .0773 .2783 0.763 121 
234 200.8 577 3.4 .0029 .0563 19.4 .1074 .8181 7.62 .0055 .0262 4.76 .0052 .0126 2.42 0183 .0377 2.06 .0231 .0072 |; 37 
17:62. 231 . 7 
206 201.4 650 5.7 .0028 .0534 19.1 1072 .8213 7.66° .0344 4.78 .0103 2.29 .0157 0314 2.00 0182 0523 “8780 0763 12 
195 200.4 792 7.0 .0087 .0797 9.16 .1311 .8112 6.19 .0072 .0272 3.78 .0056 .0109 1.95 0184 .0314 1.71 .0222 0060 (27 8068 0336 .0416 5928 0.762 
203 200.7 1503 17.2 .0089 .0516 5.80 .2549 .8210 3.22 0195 .0434 2.23 0080 .0095 1.19 0264 1.09 0061 .6519 .0395 0606 0.763 120 
202 201.2 2597 29.1 .0195 .0629 3.23 4178 .8030 1.92 .0287 .0413 1.44 0098 .0097 990 .0332 .0280 |0081 28 4622 10470 3572 6.763 
185 200.2 3022 32.0 .0346 .0772 2.23 7694 1.70 .0388 .0510 1.31 0094 904 0272 .0250 919 .0183 .0083 |0597 .143 .2951 0.763 
0702 7884 0503 “0110 0220 -0089 04922: 0.738 
**Composition of vapor C54- (vapor sample was analyzed in manner of liquid samples) 
Experimental Phase Analyses for B-3 Mixture 
Nitrogen on __ Methane = Carbon Dioxide Ethane Hydrogen Sulfide Butanes C+ Composition of C7-+- 
226 99.6 550 3.1 .0026 .0512 19.7 .1402 .8449 6.03 .0169 .0506 2.99 .0098 .0124 1.27 .0213 022 re 
5 6 6. 99 006 241.27 .0213 .0227 1.07 .0212 7 
246 09.3 1014 4.5 0085 0529 6.23 2654 8684 3.27 0150 0258 1.72 .0160 .0138 .863 .0336 .0226 673 “0082 0207 
9.9 1025 93 7.95 8745 3.86 0159 .0303 1.91 0134 0130 .970 .0321 |0201 626 .0300 1 8 “497 
22 100.1 1509 0069 0578 8.38 .3378 2.53 .0233 .0333 1.43 .0120 .0381 0231 6068 3073 “3846 130 
207 99.8 201 10.4 0072 0467 6.49 .8552 2.30 .0264 .0367 1.39 0132 .0105 0424 .0270 .0349 .0054 155 _5044 (0185 3647 0763 13 
301 6 .0409 3.25 .4960 .8565 1.73 .0168 .0202 1.20 0128 .0116 .0376 .0242 .0413 .0064 _3829 2829 130 
210 152.1 1013 4.0 .0061 .0543 8.90 .1945 .8613 4.43 .0115 .0297 2.58 .0090 .0121 1.34 38 ; . 
613 4.4: 972.58 . 0238 .0252 1.06 .00: 735 
235 162. 1484 6.5 -0050 0519 10.4 .8739 3.08 .0242 1.89 962 (0321/0235 “732 0189 
221 182.0 1504 6.9 0111 0511 4.60 .2965 2.88 0201 .0350 1.74 912 .0244 1856 .0226 .0032 142 |6076 .0212 0349 “3200 
102.5 2014 8.1 0511 4.22 3509 .8611 2.45 .0298 1.61 .0119 .0119 1.00 .0227 |0029 096 _5464 .0199 18 
236 151.4 2404 11.7 .0613 4.38 4119 .8403 2.04 .0239 .0321 1.34 .0137 .0126 .920 .0365 .0255 .699 .0174 .0031 178 |4826 |0520 3734 
3 3.85 .4572 8513 1.86 0244 1.40 .0129 1.08 .0344 (0247 .718 .0133 .0065 .489 |4542 (0359 0790 0.763 13 
237 201.3 1561 6.0 .0061 .0436 7.15 .2934 .8657 2.95 .0114 .0238 2.09 0117 .0129 1.10 . ; 
247 200.8 2012 8.7 140 0548 3.90 3491 8444 2.42 0192 .0315 1.64 0141 .0139 986 10290 10248 233 
4.41 .4009 .8474 2.11 .0144 .0212 1.47 .0268 .982 .0276 .0223 .808 .0052 .0018 .5144 0355 0690 
534 3.32 .4829 .8202 1.70 .0396 .0515 1.30 .0133 1.02 .0244 803 _0112 (0020 (179 4067 (0359 0866 
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of Table 2 were reproduced from run to run, was obtained 
as follows: the volume per cent liquid data from the sampling 
runs were plotted on the flash curves, which were obtained 
independently. The agreement was good, with average devia- 
tion of about 1 volume per cent liquid and maximum of 
2.5 volume per cent liquid. Inspection of the overall com- 
positions, calculated from charging measurements, for the 
runs made to obtain flash curves, showed that the compositions 
of Table 2 were reproduced within = 0.5 mol %. 


DISCUSSION 


Since the phase diagrams of the mixtures were obtained 
as well as the K yalues, it was interesting to connect the 
behavior of the K’s as a function of pressure and temperature, 
~ith the volumetric behavior. A comparison of B-2 and B-3 


100 400 
B-2 MIXTURE 
t AVG. TEMP. 200.8 °F 
4 
cy 
Nal IN 
10 10 
“0, 
+, 
4 PIN 
° 
: ne 
Ay 
2 a) 
N \ 
N Sy 
kay 
4) % | 
< 
= is 
= 
Nits 
Ww | 
/ 0.1 
Ly Ss 
V 
° “us 
0.01 0.01 
100 1000 10,000 


PRESSURE, PSIA 


FIG. 5 
228 


PETROLEUM TRANSACTIONS, AIME 


K’s at 100°F is shown in Fig. 6. In B-3, the K’s of methane 
and less volatile components are about 10 per cent lower 
(up to 1,500 psia) than the K’s in B-2, although the B-3 
single phase pressures are higher. Hence, the B-3 nitrogen 
K’s should be higher than those in B-2. This was found to 
be the case experimentally, as seen in Fig. 6. Above 1,500 
psia the B-3 K’s are generally higher than B-2 K’s. This may 
be explained from the flash curves (pressure vs volume per 
cent liquid) of the two mixtures. Below 200°F and above 
1,500 psia the volume per cent liquid in B-2 increases more 
rapidly with pressure than is the case in B-3, and the B-3 
K’s would have to be higher for this to occur. 

The B-2 K’s from this work are compared with hydrocarbon 
K’s from the 70 mol per cent mixture of Roland, Smith, and 
Kaveler’, and carbon dioxide K’s from the F-1 mixture of 
Poettmann and Katz’ in Fig. 7. The three mixtures are 
quite similar except for the non-hydrocarbons, and, accord- 
ingly, the K’s compare very closely. The largest difference 
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appears to be the lower volatility of heavy ends (above 1,000 
psia) in B-2 mixture, possibly due to the presence of 
nitrogen. 

Since much work in the recent literature has been devoted 
to correlation of K values, it is interesting to inspect the 
data which the authors have obtained for absorber oil, crude 
oil, and condensate mixtures to find any systematic variation 
with correlating variables which have been used. The molal 
average boiling points (MABP) of the phases have been 
used by Benedict, et al’, and Fig. 8 compares methane K’s 
(at 100°F and 1,000 psia) from the authors’ data with the 
correlation. An attempt was made to apply Solomon’s’ modifi- 
cation, but the comparison in that case was not so good as with 


Table 4 
K’s vs MABP’s at 100°F and 1,000 psia 


Smith- 
Watson 


Liquid Vapor K Values Liquid. 

Phase hase Phase 
Molal Molal Hydro- > (wt 

» Average Average gen fract)x 
Mix Boiling Boiling Nitro- Me- Carbon Sul- (Char 

“ture Point Point gen _thane Dioxide Ethane fide Factor) 

B-3 +118°F —244°F 12.1 3.50 1.88 0.87 0.69 12.5 
B-2 +124 —244 10.1 38.89 2.02 0.93 0.76 12.3 
C-6 +272 —247 15.6 4.62 2.11 1.05 0.58 11.5 
A-3 +288 —252 23.2 4.60 2.30 1.10 0.83 11.9 
A-2 +3800 —255 16.1 4.63 3.08 1.16 11.9 
C-5 +322 — 266 16.5 4.68 2.10 (1.05) 0.50 11.4 
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the original Kellogg correlation as shown in Fig. 8. The 
dependence of ethane Ks on these correlating variables 
was not so similar to that of the correlation. A tabulation 
of K’s vs phase MABP’s is shown in Table 4. 


CONCLUSIONS 


The K data for nitrogen and hydrogen sulfide represent the 
first published data for these compounds in naturally occurring 
petroleum mixtures of the gas-condensate type. Although this 
work provides some data on the variation of K’s with overall 
mixture composition, the variation was found to be small. 
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PERFORMANCE PREDICTIONS INCORPORATING GRAVITY 
DRAINAGE AND GAS CAP PRESSURE MAINTENANCE — 
LL-370 AREA, BOLIVAR COASTAL FIELD 


D. R. McCORD, CREOLE PETROLEUM CORP., CARACAS, VENEZUELA 


ABSTRACT 


Data of a known statistical quality has been successfully 
used in a system of conventional fluid mechanics equations 
essentially free of empirical “conformance” factors to pre- 
dict early detailed field GOR’s in a reservoir where gravity 
drainage is important and oil and rock properties vary con- 
siderably. The system is useful where comparative recovery 
predictions for one or more cases of natural depletion and 
gas cap pressure maintenance are needed and the reservoir 
is not too heterogeneous. 


INTRODUCTION 


Many authors,” have examined various facets of the gravity 
drainage-gas cap pressure maintenance problem over the last 
several years. Two of them, Burtchaell’ and Elkins’, have 
published practical studies. In the case described in the 
present paper the best development and operating plan 
for one of the important reservoirs of the Bolivar Coastal 
Field in Western Venezuela was urgently needed. It was 
requested that sound comparative economics be presented 
along with an engineering evaluation of no additional drilling, 
maximum drilling, several cases of gas pressure maintenance, 
of water flooding and combination cases. A rapid analysis 
of the effect on recovery of the range of crude and rock 
properties indicated that none of the published methods 
using average properties would yield adequate comparative 
predictions. This paper covers the predictive system developed 
to deal with natural depletion and gas cap pressure main- 
tenance. 


The large amount of data available for this field permitted 
statistically reliable correlations to be made of most rock and 
oil properties, and the evident smooth areal variations of 
these properties encouraged the construction of a_ lineal 
mathematical model of material balance and fluid flow equa- 
tions, which could be manipulated by a modified iterative 
procedure. The manipulation is much more adaptable to 
computing machines than manually operated calculators and 
subsequent studies have been prepared for the IBM Card 
Program Calculator. A. matrix as opposed to linear model 
has been tentatively worked out by other members of our 
group to deal with more heterogeneous reservoirs. It is more 
adaptable to computers such as IBM-701 or the Remington- 
Rand Univac. In 1950, when the system reported below was 
developed, no rapid computing machines were available to 
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the author. Their existence and promise encouraged an initial 
approach by hand. 


Some details of oil and rock property correlation are in- 
cluded because there are a surprisingly large number of 
medium-sized reservoirs in the world that show systematic 
property variations which are significant for a rigorous analy- 
sis. All large reservoirs (over half a billion barrels recovery) 
with which the author is familiar contain at minimum a 
significant temperature variation. 


Using the rock and oil property correlations, past pressure 
and production, the gas-oil ratio history of the reservoir was 
computed and found to be in close agreement with field 
measurements. The future performance under cases of natural 
depletion, gas injection of 100 MMcf/day, and of 130 
MMcf/day, was then computed; a 70 MMcf/day case was 
also carried far enough to provide data for comparative 
economics. The 130 MMcf/day case proved to be the most 
attractive. A 50,000 horsepower gas turbine driven centrifugal 
compressor plant to take this quantity of adjacent field gas 
from 30 to 1,950 psia and inject it into the reservoir is 
under construction. The total cost of the project will exceed 
20 million dollars. 
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FIG. 4— DISSOLVED GOR — GRAVITY AT 2,000 PSIA. 


GENERAL STATISTICS 


The reservoir is located seven miles off shore from Tia Juana 
in Lake Maracaibo, at a mean sub-sea depth of 5,250 ft. 
The lake water over the area is 55 to 75 ft deep, underlain 
by 60 to 80 ft of very soft mud. The oil bearing structure 
is a truncated monocline of friable Eocene sand-stone bounded 
at the top by an unconformable Miocene surface, laterally by 
major faults, and down dip by both immobile edge water 
and a change of facies. General statistics are: 


Discovery date: Oct. 10, 1939 


Range Average 

Surface Area, Acres zB 9,800 
Section Thickness, Feet 160-240 210 
Net Sand Thickness, Feet - 130-210 170 
Volume, Millions Acre Feet : 1.66 
Original Pressure, psia at 5,250’ 

Reservoir Vozd Space in Bbls 2.31 x 10° 


There was no original gas cap and there has been no water 
influx to date. Reservoir performance data are shown in 
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FLUID PROPERTIES 


The properties of the reservoir hydrocarbons were all cor- 
related at their respective reservoir temperatures, since a 
remarkably smooth relationship of API gravity vs depth exists, 
Fig. 2. An original under-saturation gradient existed. Fig. 3. 
It can be shown theoretically that the expansien function ¥. 
shrinkage, f, and dissolved GOR. S. are straight lines for all 
practical purposes above 500 psig within this reservoir’s API 
gravity and pressure range. Therefore the existing subsurface 
sample data were plotted vs pressure. the quantities 5S /5P, 
5f/6P and 5y/5P were determined for each sample, and 
plotted vs “API in Figs. 4. 5. and 6. Following this, the best 
average of lines was drawn through all 6 sets of points, which 
also satisfied the equation: 


fo 


6P 


From these curves, Figs. 7, 8, and 9 were prepared. 
In accordance with the law of additive fluidities of non- - 
polar liquids” the relationship of 1/f vs 1/u is linear for 
a given sample. While this does not hold exactly true for sub- 
surface crude samples. particularly at low pressures, it was 
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found to be close enough for practical purposes. The slopes 
defined by this relationship vs API gravity, Fig. 10, were used 
with a viscosity — gravity plot at 1,500 psia, Fig. 11, to obtain 
Fig. 12, liquid viscosity — pressure, which also incorporates 
the API gravity-temperature relationship. The methods of 
viscosity and expansion correlation employed were called to 
the author’s attention by R. W. Woods. Incremental gas gravi- 
ties taken in connection with the differential gas liberation 
were used to calculate Fig. 13 according to Bicher and Katz”. 
Gas compressibility — pressure, Fig. 14, was prepared using 
the conventional gas laws. 


GENERAL ROCK PROPERTIES 


Rock volume — porosity figures for hydrocarbon void agreed 
within 2 per cent of average material balance calculations 
made from 1945 to 1950 when incremental variations in oil 
expansion vs composition were used. The physical bulk and 
attitude of the reservoir are outlined in Figs. 15, 16, and 17. 
Porosity, contained in Fig. 18, shows part of a much larger 
regional trend which has wide control except to the west where 
the sand is truncated. It represents 532 individual porosity 
and permeability measurements and is controlled outside the 
area by more than 2,000 additional measurements. In order 
to obtain the totals and volume vs depth, Fig. 15, Fig. 18 was 
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traced over an isopach map and the value at each line inter- 
section computed and plotted. The contoured “iso-void” was 
laid over a structure map and the volumes between 100 ft 
vertical contours planimetered. The net cross section area — 
depth values in Fig 16 were obtained from a structure-isopach 
overlay by following the 100 ft structure contours with a 
map measure, multiplying incremental lengths by appropriate 
sand thickness and adding. The points on the horizontal dis- 
tance-depth curve, Fig. 17, were obtained by direct planimeter- 
ing between contours and division by average length from a 
structural map; the line by dividing Fig. 15 by Fig. 16. 

For each well cored the core analysis and description were 
recorded on the electric log and careful judgment exercised 
to prepare an average weighted porosity and permeability, 
using the description, S.P. and resistivity curves as guides to 
interpolation. Permeability-porosity and average permeability- 
depth relations, Fig. 19 and 20, were prepared from these 
data. Fig. 19 is a numerical average by wells of all data plus 
the average of individual interpolations or extrapolations by 
at least two people if much estimated data was included. Fig. 
20 was prepared by substituting Fig. 19 in Fig. 18 and com- 
bining with the data used for preparation of Fig. 16. Fig. 
21, permeability distribution, was prepared from wells with 
the largest amount of core data in their permeability range. 
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A continuous thickness-permeability list was prepared for 
each well’s net sand section rearranged in order of descend- 
ing permeability. This was divided into 20 per cent increments 
of thickness and the average permeability of each of the five 
increments plotted vs the total average permeability of the 
section. Fig. 22, connate water-permeability, was prepared 
from all the capillary pressure data then available on wells 
from this area and from the same or related sands from 
adjacent areas. The porosity-permeability connate water rela- 
tionship was used to prepare an iso-net void map which, when 
superimposed on a structure map, resulted in the data pre- 
sented in Fig. 23. This completes the basic data with the 
exception of Figs. 24, 25, and 26. For Fig. 24, the small core 
analyses for which oil and water saturations were available 
were divided into permeability groups of 0-50, 50-100, 100-200, 
etc., averaged and plotted as total liquid vs log of dry air 
permeability. 


RELATIVE PERMEABILITY 


The possession of representative relative permeability data 
was indispensable to the proposed type of analysis. The only 
data available were determinations made on 14 small cores 
by the “gas drive” method and five samples run by the “Penn 
States” method described by Osoba, Richardson, et al”. These 
methods were under critical examination at the time and a 
considerable controversy was and still is in progress as to 
the direct applicability of any laboratory measured relative 
permeability to field performance. A parallel consideration 
under discussion in some groups was how to sum the small- 
core relative permeability curves of presumably homogenerous 
samples cut from a heterogeneous sand section in order to 
represent average oil or gas flow at a well face or a reservoir 
cross section. 


The experimental data from the 14 individual “gas drive” 
cores was plotted as per cent relative permeability vs per 
cent total liquid saturation and a trend vs dry air permeability 
noted. In order to test the trend the per cent relative per- 
meability of the individual sample curves was read at 
arbitrarily selected total liquid saturations, the relative per- 
meability plotted vs the log of the dry air permeability of 
the sample and iso-total liquid saturation curves drawn in 
a systematic manner. A false start at an earlier date to ob- 
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tain reliable laboratory relative permeability analyses in 
quantity left the option of proceeding with the data in hand 
or waiting for an indefinite period while attempts were made 
to improve the statistical soundness of the averages presented 
in Figs. 25 and 26. The first course was believed to be 
the best for three reasons; first, the gas relative permeabilities 
measured by the “gas drive’ technique agree with those 
obtained by other systems; second, the averaging technique 
used reduced and smoothed the unusually high oil relative 
permeabilities at low gas saturation which seems to character- 
ize this system of measurement, bringing it into better agree- 
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ment with that currently considered reliable; and third, the 
author felt that the method used to organize small core 
analyses to represent heterogeneous sand faces was as im- 
portant as the measuring technique used on the small cores. 


The following mechanical averaging methods were first de- 
fined, as far as the author knows, by J. G. Richardson: 
(a) Assume equal saturation; (b) Assume no vertical com- 
munication; (c) Assume capillary equilibrium; (d) Assume 
free vertical migration; (e) Combine two or more of the 
above. Each average yields curves which will give decidedly 
different recoveries when used with this or with Muskat and 
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Taylor’s® method. Varying the critical gas saturation a few 
per cent moves the recovery by an additional large amount. 
From Fig 21, 25, and 26 a set of relative permeability curves 
were drawn and averaged according to the first two systems 
mentioned above. Averages according to systems (c) and (d) 
require that the permeability column be as encountered in 
the formation rather than rearranged according to Fig. 21. 
The equal saturation average for a particular permeability 
is prepared by selecting a saturation, calculating Kg and Ko 
in millidarcies for each thickness (per cent K x dry air K 
for each fraction), add and divide by the sum of the dry 
air permeabilities. Twenty permeability divisions, instead of 
the five of Fig. 21, were tested in preparing the averages. 
This did not change the calculated curves significantly. 

These data were used to calculate what the present GOR in 
each segment of the field should be; the Kg and Ko curves 
obtained by the equal saturation method gave a field fit. In 
a subsequent study of a reservoir similar except for slightly 
lower oil viscosity, more dip and a greater width to vertical 
closure ratio, a fit could not be obtained with field gas oil 
ratio observations until a set of equal saturation averaged 
relative permeability data was used with an apparent field 
dip approximately double that actually present, thereby in 
effect introducing a vertical component. A set of relative per- 
meability curves intermediate between equal saturation and 
capillary equilibrium might also have been similar. 

It is virtually certain that compensating errors of some 
sort exist in the systems used. The LL-370 area wells have 
shown considerable evidence of vertical segregation of gas 
in sand stringers some distance down in the reservoir. On the 
other hand, gas shut off workovers are lasting better than 
anticipated. It is believed that detailed inquiry into: these 
anomalies would be interesting and fruitful. However, prepara- 
tion of numerous sets of relative permeabilty curves averaged 
in different ways is a substantial computing problem in 
itself. 

It is hoped to get some information from a continuous 
carbon monoxide tracer system which will be installed, and 
from early pressure changes after injection starts. A radio- 
active tracer to tag one day’s injected gas and trace it through 
the reservoir is being sought. 

In addition to obtaining a set of per cent K curves, there 
is still a question as to whether to use dry air permeability, 
or permeability to hydrocarbon with connate water in place 
with per cent K. This is related to whether the sand is oil 
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Table 1 
Master Sheet — Data by Blocks 


Residual 
Saturation 
Volume % Hydrocarbon 
df ds “V" RB/SCE Dry Air Oil Void Distance 1.1272 x Area oid 
—x 10 — cuft/STB ————____ Per Res. Bbl. Depth Dip xSin@x Perm. Volume 
Block Mid-Depth °API dp dp a c d* M.D It? x 10° x 106 ¥t/100’ Angle Sin @ (Darcys)x10° Fraction Oil Gas 
4315 2 
J 28.1 8.75 205 1.0774 4,839 —302 1585 1 31.5 68.5 
4400 28.1 1565 10 565 10° 2/ .1743 .031 
K 28.0 8.70 204 1.0770 4.830 —270 1540 10 31.6 68.4 
4500 28.0 1515 765 4296 164 
L 27.9 8.65 . 203 1.0764 4.824  —235 1490 39 108 31.7 68.3 
4600 27.9 1460 1.62 960 .276 
M 27.8 8.60 . 202 1.0758 4.816 —202 1425 83 31.8 68.2 
4700 27.7 1395 2.50 1080 5°17’ ~=—.0922 . 362 
N 27.7 8.55 201 1.0754 4.809 —170 1360 116 31.9 68.1 
4800 27.6 1320 3.12 1145 4° 59’ ~—.0870 404 
0) 27.6 8.50 200 1.0748 4.800. —135 1280 145 .063 32.0 68.0 
4900 27.5 1240 3.57 1210 4° 43’ .0824 411 
1 27.3 8.35 197 1.0734 4.780 —100 1200 166 072 32.1 67.9 
5000 27.2 1165 3.97 1280 4° 28’ 0779 
Q 27.1 8.23 195 1.0725 4.766 — 65 1125 188 O81 32.3 67.7 
5100 27.0 1085 4.31 1350 4°14’ 390 
R 26.8 8.10 .192 1.0713 4.748 — 32 1045 208 090 32.5 67.5 
5200 26.7 1005 4.60 1423 4° — .0700 365 
26.5 7.92 . 188 1.0700 4.730 5 970 226 098 3257 67.3 
5300 26.3 930 4.76 1508 3° 47’ 0662 330 
ay 26.0 7.70 184 1.0681 4.702 -+ 40 890 234 101 32.9 67.1 
5400 25.7 850 4.73 1593 3° 35’ .0626 284 
U 25.3 7.35 176 1.0659 4.666 + 78 815 235 -101 33.1 66.9 
5500 25.0 175 4.49 1684 3° 23" 0593 
Vv 24.5 6.95 .168 1.0636 4.628 +115 735 222 096 33.4 66.6 
5600 24.0 695 3.80 1780 167 
WwW 23.5 6.50 158 1.0618 4,588 +150 660 173 075 33.6 66.4 
5700 22.9 620 2.73 1884 ABD 101 
x 22.2 5.83 145 1.0589 4.548 +186 570 128 056 33.9 66.1 
5800 21.5 520 2.18 1995 2252’ 05011 064 
NG 20.6 5.00 . 128 1.0566 4.496 +226 385 133 058 34.6 65.4 
Combin- 2307 
ations: 1280 .0779 406 
5000 3.97 396 
QR 27.0 8.20 194 1.0720 4.760 — 50 1085 1425 0700 365 
5200 4.60 695 
STU 26.0 7.70 184 1.0681 4.702 + 40 890 1684 .0593 . 233 
5500 4.49 1780 .0561 . 167 
5600 24.0 695 3.80 434 
WXY 22.2 5.83 145 1.0589 4.543 +186 570 
*Original Mid-Depth psia—datum psia. 
for d “d”, for mid-deptl d=0 
or datum pressure, use “d lor mid-deptn ressure = 
Q 


or water wet—also later under question for this reservoir. 
Dry air permeability was used in this study and may be one 
of the compensating errors mentioned. Figs. 27 and 28 illus- 
trate the data used in the analysis, obtained as described 
above. 


DERIVATIVE DATA 


Several other derivative curves from the original data are 
necessary or convenient. It has been indicated that residual 
liquid saturation is independent of the type of liquid within 
rather broad limits. With this in mind, a derivative curve of 
residual saturation vs permeability was prepared by subtrac- 
tion from Figs. 22 and 24 and is presented as Fig. 29. 

It was used as a limiting value for gravity drainage from 
high gas saturation areas in order to avoid introducing 
capillary pressure terms in the analysis —a labor-saving 
device at some expense to absolute accuracy. Capillary pres- 
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sure terms may be introduced in subsequent machine analysis. 

'n addition to these curves, viscosity-shrinkage ratio vs 
datum pressure, Fig. 30, and a family of free GOR vs per 
cent gas saturation of hydrocarbon void curves at 1,500 psia 
datum, with appropriate per cent correction factors between 
1,000 and 2,000 psia, Fig. 31, were prepared. A second family 
of curves based on 


6P 


(2) 


for each block face, where B/D/psi drop between blocks was 
plotted vs per cent gas saturation of hydrocarbon void, Fig. 
32, and a third set of curves of the same type for gas, Fig. 33, - 
were also prepared. 

Table 1 was prepared from the correlations above as a 
starting point for computation. 
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Table 2 
Program: 100 MMcf/D Injection 
Date: Initial Jan. 1, 1954 
Equations: (1—S,i)( 8S 
Av = ——} Sgi + 5) and 2Av 
/ 5 P fo} f i P AY J f \ ( 
Column | | | | 
No. 0 1 2 5 6 i 8 9 10 12 13 17 
Item Block °API Mid-Depth Pressure Unit Gas | HCBN Initial Gas Change | _ Initial | Initial Oil Unit | Change Vinal Oil 
Expansion Vol. = in Gas | Shrinkage | _ i Shrinkage | in Oil Vol. | Shrinkage | Prod. 
Vol. 
Initial | Final | Average] Drop 1 ) (1-Sgi) V H af 
Symbol = = =: = = AP 8P/a : fi 3P 
Units = = psia psia psia psi SE EBPs RB x 108 cen RB x 103)RB x 108) RB/STB | RB x 10° | STB x 10° |gpp x 4975] RB x 108 RB/STB STB 
x 107 olume 
Previous 2+3)2—3 Previous} 8x7 5x6 5x 13x14 
Source = Table time Bsti- Table 1 Table 1 ‘Time | x 10% xg Highre 12/11 Table 1 x Figure 7 | Table 5 
Step mated 2 Step 
J 28.1 Trial = = 1) = 8.75 = 
K 28.0 — 10 8.70 = = = 
L 27.9 1394 1474 1434 —80 751 39 45.5 60,600 | —3640 1.246 72 58 8.65 —400 = 
N 27.7 1427 1507 1467 —80 130 116 28.0 32,450 | —1905 1.240 84 68 8.55 —470 = 
O 27.6 1452 1517 1485 —65 120 145 20.3 29,000 | —1365 1.240 116 92 8.50 —510 = = 
Ve 27.3 1479 1519 1499 —40 718 166 15.0 24,900 | — 715 1.238 141 114 8.35 —380 1.241 2105 
Q 27.1 1509 1523 1516 —i4 709 188 12.5 23,500 | — 230 1.235 154 133 8.23 —155 1,237 2930 
R 26.8 1539 1530 1534 9 .700 208 11.3 23,500 | + 150 1.230 184 149 8.10 +-110 1.226 1350 
8 26.5 1569 1535 1552 34 689 226 10.5 23,750 555 1.225 202 165 7.92 445 1.221 3880 
BY, 20.6 | 1762 | 1705 | 1734 “87 610 133 7.9 | 10,510] 365] 1.160 123 105 5.00 300 1.158 200 
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Oil Unit Gas Gas Final Gas Total Final Produced | Free Gas | Free Gas Block Total Down Dip Adjusted 
Prod. as Liberated Produced | Dissolved | Dissolved | Produced | Produced | HCBN Fluid a, Sees, ae ee : 
Liberated Gas GOR Gas Volume Flow i Total Flow 
Volume Gas Change | Down Dip} Oil Flow | Gas Flow | Oil Flow | Gas Flow |Out Lower 
as factor Liberated Face 
3 
RB x 10?|Mcf/STB/| Mef x 103 | RB/Mcf | RB x 10 | Mef x 108 | Mcf/STB | Mef x 10% | Mef x 103 | RB x 10° | RB x 108 | RB x 10% | RB x 10% | RB x 10° | RB x 103 | RB x 10% | RB x 105 
psi x 10% 
5x13 21 x 26 10 — 15 Table 3 Fluid Flow Volumes Corrected for 
16x17] Table 1 x 19 Table 1 20 x 21 Table 5 | Figure 8 17 x 24 Table 5 — 18 28 or Pressure Change Down Dip when 
+ 22 — 27 Table 4 Adjustment is Large. 
205 = = = = = = = = 
203 — 940 1.835 | —1725 = = = — 4965 | — 4965 4780 | 4780 9745 4965 
= 201 —1100 1.790 | —1970 | —36500} — — | —36500 | —s5300 | +61895 | +56930] 12245 | 44685 12200 14395 57095 
—— . 200, —1195 1.780 —2125 = = = = = — 2980 53950 20565 33385 20600 33185 53785 
2610 197 — 900 1,835 —1640 5500 352 740 4760 8725 —13310 40640 25095 15545 24900 15500 40420 
3625 195 — 365 1.825 — 665 5055 350 1025 4030 7355 —11720 28920 25305 3615 25050 3570 28620 
1660 192 + 255 1.820 + 470 1785 346 465 1320 2405 — 3555 25365 24820 545 24450 545 24995 
1750 188 1055 1,840 1940 4545 343 335 3210 5900 — 8600 16765 13815 — 2950 19300 — 2950 16350 
230 | 770 1.725 1325 “345 256 50 295 510 | -+ 650] 230t 
The gas volume factor for injection gas is used where appropriate. 
*Production not true produced volames—for Volumetric Balance ‘only. 
+Corrected to no flowyoat bottom of reservoir in Adjusted Column. 
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FIG. 16 — NET SAND CROSS SECTIONAL AREA — DEPTH. 


GENERAL COMPUTATIONAL CONSIDERATIONS 


This reservoir is so constituted that all properties can be 
approximately related to depth. Consequently, a simple divi- 
sion into blocks, bounded at the top and bottom by the 
limits of the sand, on the sides by the faults and at the 
end by arbitrary planes cut at right angles to the section 
along strike, was made. The problem is then reduced to 
determination of flow of gas and oil across the block inter- 
faces or between a block and the surface. In a reservoir where 
the properties are not so fortunately aligned it is believed 
that in some cases the average direction of fluid flow can be 
determined vectorially and the blocks separated at right angles 
to stream lines. Where heterogeneity will not permit this, a 
matrix must be used, thereby increasing the computational 
complexity an order of magnitude. 

To organize the various reservoir parameters for analysis, 
the following implications of fluid mechanics as applied to 
oilfield depletion were first considered: (1) Reservoir pres- 
sure is a function of fluid content. (2) Fluid content is a 
function of time. (3) Fluid movement is a function of differen- 
tial pressure and flow resistance. (4) Gas-oil ratio for any 
fluid movement is primarily a function of saturation, but 
pressure must also be considered because it affects dissolved 
gas and gas and oil viscosities. 

These were incorporated in the analysis as indicated 
below: 

1. Gas saturation and its partial derivative as a function 
of depth and time varies in a continuous manner. All varia- 
tions of reservoir parameters with time may be approximated 
by a sequence of quasi-steady state time steps. 

2. Movement of any fluid throughout the reservoir is de- 
pendent on the fluid differential density gradient and an 
imposed pressure gradient. The effects of these two gradients 
may be analyzed separately and are additive. 
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3. Considering only gravity segregation, the volume rate 
of flow of oil down a streamline equals the volume rate of 
gas up the streamline at any point in the reservoir. This rate 
is determined by the least mobile fluid. 

4. Blocks are selected so that the movements may be evalu- 
ated at the conditions of the block interface and the pressures 
between block centers according to: 


bo (3) 
IIRL OP IRA! 
+ Apg sin 9 
Ko g Al 


whichever is smaller 


6P 
de = —— — Apg sin 


fy 
(4) 
KK,A 6P KK.A 
OR — - Apg sin 9 
Pe 


where 5P/éL applies equally to oil and gas. 

Difference in pressure in the gas and oil phase is not 
significant except in the high gas saturation region. Even 
in this region, a method can be used to avoid treating capillary 
pressure directly. 

5. Blocks may be selected in such a manner that all pro- 
duction to the surface from any part of the block may be 
evaluated at the block average condition (i.e., GOR at aver- 
age gas saturation, pressure, “API and permeability; oil 
shrinkage at average conditions). Produced free GOR may 
be evaluated by 


Mo f 


= 
6. The rate of oil production decline may be approximated 
by means of the K,/u,f ratio. 
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FIG. 17—HORIZONTAL DISTANCE BETWEEN 
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FIG. 18 — MEAN EFFECTIVE POROSITY CONTOURS. 


7. Initial producing rates for new wells will be the aver- 
age of the rate of producing wells for the particular block 
at that time. 

Finally, the following points unique to this reservoir are 
incorporated: 

1. There is no fluid movement across the top or bottom 
boundary of the reservoir. All fluid movements are in the 
direction of dip. 

2. Down dip drainage of reservoir oil will not change the 
original fluid characteristics of the lower blocks significantly. 
This is an important simplification. It was introduced as 
another labor-savying device, since it greatly simplifies the 
computations. Rigorous treatment would require changes in 
API gravity of the blocks vs time and changes in subsurface 
fluid properties vs API gravity vs time due to the 25°F tem- 
perature difference associated with the considerable relief of 
the structure. For machine analysis this simplification need 
not be used. It is not believed to significantly affect the 
comparative values for different cases, although it will make 
the absolute results conservative. 

3. With respect to pressure effects, injected gas is intro- 
duced uniformly throughout the portion of the reservoir 
above the lowermost injection well — (void volume above this 
point is about 5 per cent of total). 

4. For blocks above the injection wells oil flows down 
at the rate indicated by gravity drainage only. 

5. Injected gas will be absorbed and released with pressure 
changes in accordance with differential liberation data. 

6. Individual well pressure patterns have a negligible effect 
on reservoir performance. This would not be true of a reser- 
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voir with sufficiently low permeability, thin section, or high 


viscosity oil. 

The set of curves presented, Table 1, and the remainder 
of the analysis were all prepared with the object of keeping 
computational errors introduced into final recovery figures 
below 2 per cent. It was felt that this would do justice to 
the data, keep the volume of computations within bounds of 
the possible and would indicate whether the approach would 
be fruitful. 


COMPUTATION METHOD 


For convenience, the calculations were broken into five 
sheets designed to solve the following equations: 
1. Pressure Effects; Table 2 
5\/ (1 — Syi) 
5S 
Vi- — Of, — (5) 
and for reservoir. 
2A. Segregation (natural depletion), Table 3. 
a. By faces 
AKK, 
= Apg sin 9 
At Kho by 
K bg 
whichever is smaller 
AKK, 
Q, = 
b. By blocks 
B of 
Q, —K,—Of,— (1—S,:)— 
6P fi 
AS, .. (7) 


Vir 
T and B are upper and lower face, respectively. 


2B. Segregation (gas injection), Table 4. 
See Equation 3. 
By blocks — see Equation 7. 


3. Production, Table 5. 
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FIG. 19 — PERMEABILITY — POROSITY. 
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Dissolved gas is added to the surface production on the 
same basis. 

4. Block Pressures, Table 6. 

The estimated pressure for the topmost block was recorded 
and the remaining block pressures adjusted on the basis of 
cradient and saturation as indicated. 


NATURAL DEPLETION COMPUTATION 


Starting from known reservoir conditions of saturation and 
pressure — original in this case —conditions at the end of 
a time period are estimated. It is usually convenient to draw 
a saturation depth curve, estimate a final pressure for the 
reservoir and then use Table 6 to estimate detailed pressure 
by blocks. Next estimate production based on known wells. 
new wells to be drilled and decline based on the estimated 
pressure and saturation using Table 5. An arbitrary mechani- 
cal gas oil ratio limit must be placed on updip producing wells 
which conforms as closely as possible to field practice. For this 
field and natural depletion it was assumed that when a well 
reached 2,000 GOR its oil rate would be reduced by half 
by a gas shutoff squeeze cementation and that it would then 
continue on production at 2,000 GOR and computed decline 
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until the section in which it was located reached a gas 
saturation equivalent to 4,000 GOR prior to workover, at 
which time the well would be shut in. It is believed now 
that this may be too pessimistic — gas shutoff workovers 
have been very successful. The production estimate was found 
to be sensitive within the 2 per cent computational error 
limits set, to gas saturation to the extent of plus or minus 
0.5 per cent and pressure to plus or minus 20 psi. Using 
the estimated production and pressure, calculate the fluids 
flowing between blocks according to Table 2. Adjust the final 
estimated pressure until the net fluid flowing out the bottom 
of the reservoir is small enough that a change of several 
pounds will make it zero. If the reestimated final pressure 
differs by more than the critical amount (in this case plus 
or minus 20 psi), Tables 2, 5, and 6 must be redone. 
Adjust the final pressure to within one pound, and the fluid 
flowing out the bottom of the last block to zero on a vol- 
umetric basis, and proceed with Table 3. Starting with the 
top block, the saturation of its lower face is estimated, 
calculated and compared with the estimate. Proceed down 
dip in this manner, assuming a final saturation for the lower 
face of the block, computing the oil flowing out and evaluat- 
ing the final average saturation for the block. These steps 
are repeated for each block until the upper face, average 
and lower face fall on a reasonable line — usually straight 
except in areas of rapid flexure on the saturation-depth curve. 
If this curve differs from the original by less than the chosen 
amount, 0.5 per cent saturation in this case, proceed with 
the next step; if not, recompute. In manual computation 
sufficient judgment is rapidly developed to modify a straight 
iterative approach so that it is seldom necessary to repeat 
a step more than three times. 


GAS INJECTION COMPUTATION 


As in the natural depletion case, the calculations are com- 
menced from a known saturation, pressure and production 
rate point. 

1. Estimate a pressure change for the time period for the 
injection block only. 

2. Calculate the total fluid volume flowing out the lower 
face of the injection block on the basis of (1). After sum- 
ming the total fluid flowing down dip to that point and separat- 
ing into gas and oil, the volume leaving a block is corrected 
to the volume occupied in the block entered, based on block 
mid-depth pressure and temperature. 


| x 


| @tt-402 

| Alt-3e9 XLt-427 

FLL 386 


1$00}—— 


AVERAGE PERMEABILITY OF NET SAND FRACTION 
(AFTER REARRANGING IN ORDER OF PERMEABILITY) 


1000 1200 1400 


WEIGHTED AVERAGE DRY AIR PERMEABILITY OF TOTAL NET SAND SECTION, MILLIDARCIES 


FIG. 21 — PERMEABILITY DiSTRIBUTION — AVERAGE PERMEABILITY. 


Vol. 198, 1953 


| 
| 
G-= (5 ‘Vas = 
ot Ja 
50 50 
Kem \Ko He V) | 
| 3000-—— = = 
| 
| | 
| = | | | 
| | | | 
| | 
| fo) 200 400 600 800 - | 
| 


CONNATE WATER - PER CENT OF VO!ID 


I @ Ts-193 | 
3 NOTE: RESIDUAL WATER FROM CAPILLARY QO Tu-193 | 
PRESSURE - WATER SATURATION | | 
DETERMINATION | | } | 
| | 
A | | | | 
10 20 Oo 00 500 1000 2000 5000 
4 HORIZONTAL DRY AIR PERMEABILITY - MILLIDARCYS | 
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3. Calculate the gas saturation changes of the block above 
the injection block and extrapolate to the upper face of the 
injection block. Gas saturation changes are based on oil 
flowing out according to Table 4. 

4. Estimate a “final” gas saturation for the lower face of 
the injection block or subsequent blocks. 

5. Divide the total fluid (step 2) flowing down dip into 
gas and oil on the basis of the average gas saturation during 
the period (step 4 or 9). The gravity segregation of oil and 
gas are first assumed to cause no volume changes, so that 
the term 6P/65L acting equally on oil and gas may be deter- 
mined. The gravity gradient from Table 6 minus the aver- 
age excess gradient 6P/dL is used to approximate the final 
pressure for the adjoining lower block. If short time inter- 
vals are used, a more rigorous method of obtaining the “final” 
pressure for the lower adjoining block could be used, but 
for long-time steps the rigorous treatment results in com- 
putational instability. 

6. Calculate the “final” 
injection block. 


average gas saturation for the 

7. Repeat steps 4, 5, and 6 until the upper face, aver- 
age and lower face “final” saturations follow a smooth 
curve —a straight line except at saturation depth flexures. 

8. Continue this procedure down dip until the first pro- 
ducing block is reached. 

9. For all producing blocks, a “final” saturation for the 
lower face is estimated. This determines a corresponding 
“final” saturation for the block. Production for the block is 
then estimated on the basis of the initial and assumed “final’’ 
block sautration— Table 5. Again a system to account for 
gas shut off workovers was introduced. In the case of 100 
MMcf/day the GOR was allowed to reach 3,000 cu ft per 
barrel, production halved and GOR held at 3,000 until the 
indicated amount without workover reached 5,000, when the 
well was closed in. For 130 MMcf, 4,000 and 6,000 GOR 
were used. When set up for machine analysis, various gas oil 
ratios could be incorporated and the results used to make 
a small economic analysis within each case; by hand the 
computing time was prohibitive. 

10. Steps 9, 2, 5, and 6 are repeated until the calculated 
change in average block gas saturation yields the “final” 
saturation assumed in 9. 

11. The procedure is continued down dip, block by block, 
until the calculated values of fluid flow become absurd or 
the bottom block is reached. In first trials the former usually 
occurs. It is then necessary to reestimate a pressure change 
for the time period for the injection block (1), and repeat 
the procedure. With experience, the original estimate is usually 
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close enough and re-calculation sufficiently brief so that the 
net time effect approaches two complete calculations. 

12. Two assumptions differing by one pound can be found 
which will change the direction of indicated flow across the 
lower boundary of the reservoir. The condition of no fluid 
flowing across the lower boundary can then be satisfied by 
interpolation between these two calculated cases to give the 
“final” pressure-depth and saturation-depth relations for the 
period. In practice, after the computer becomes familiar with 
the several degrees of sensitivity of the particular system, 
somewhat wider interpolation limits will be found permissible. 

In the present case the twelve steps outlined above were 
used for the first year of injection. Thereafter the pressure 
in the injection block was arbitrarily held constant by in- 
creasing withdrawals from the lower production blocks by 
new drilling. It soon becomes clear that the new drilling 
must be carefully distributed or excessive pressure drops 
between blocks will be created. In effect, the system can be 
used to indicate the best well distribution for any given with- 
drawal level. 

The variety of cases is only limited by computing time. Any 
reasonable arbitrary desires of the operator with respect to 
independent variables such as volume, production or pressure, 
etc., can be incorporated. The cases here presented repre- 
sent approximately one busy man year of computer time, 
mostly done with a 10 in slide rule. This does not include 
development time. 


RESULTS 


Following the method outlined for natural depletion, cal- 
culations for the known history of the reservoir were made. 
The period from the date of discovery to Jan. 1, 1946, was 
calculated at one step, since equilibrium gas saturation had 
not yet been reached and movement between blocks due to 
uneven surface withdrawal had equalized pressure for all 
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FIG. 23 — HYDROCARBON VOLUME — DEPTH. 
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30 80 90 100 
23) | | RELATIVE PERMEABILITY TO OIL - Ko 
1030 45 50 55 
TOTAL LIQUID SATURATION 
FIG. 24 — TOTAL RESIDUAL LIQUID — PERMEABILITY. FIG, 25 — RELATIVE PERMEABILITY TO OIL CORRELATION. 
Table 3 
Program 
DATE: Initial 
Final 
EQUATIONS 
DAv 1 AKK, By Blocks 
At Faces g, = + —— Ap, sin 9 df vs 
oped (6) Smaller AS (7) 
OR AKK, VH 
—— stn 9 
Col. No. 0 1 2 3 4 5 6 7 8 9 10 ll 12 13 14 15 
Item Block Hebn. Mid- °API Perme- Pressure Lower Face Oilin Oil Factor | Gas Saturation Lower Face | Average | Average 
Volume Depth Lower ability Top of | Produced Vis. Relative 
Lower Face Lower Block and Ratio Perms 
Face Face Initial | Final | Average Shrinkage Initial | Final | Average tio 
Kg 
Symbol K Soi Sof | Soo 
g di Vv Mg/ @ Ko a 
Units RB x 106 | Ft Subsea Millidarcys} psia psia psia RB x 10° | RB x 105 (% Hydrocarbon Volume) 
Calculation Previous 11-+ 12] Figure 12 | Figure 27 
Source Table 1 Table 1 Table 1 Table 1 Interpolate from Block Table 2 8—9 Time Est and and 
Table 2 Above Step 2 Figure 13 | Figure 28 
J 1 4400 28.1 1565 
K 10 4500 28.0 1515 
L 39 4600 27.9 1460 
M 83 4700 27.7 1395 
N 116 4800 27.6 1320 
etc. 
16 17 18 19 20 | 21 | 22 23 24 25 26 27 | 28 | 29 
Product Bbl. Oil Fluid out Oil out Rate of Segregation Days Oil out Total oil Change in Average Block Gas Saturation 
per Bbl. Lower Lower we. Lower Out-Lower 
Fluid Face Face Face Face Liq. Vol. 
ae Initial | Final Average Change Tnitial Final 
(See Equation Above—) 
BBL Q, ASg Soi Sof 
RB x 105 RB x 105 RB/D | RB/D | RB/D RB x 105 RB x 108 RB x 105 
BBL 
1 Values opined from charts which are 26 
2 ; not included, Compute one for each face j 
14x 15 Table 17x 18 front 19 24 10 — 25 x 105 Erevious 28 ++ 27 
AK KgAogsiné/ug and Time Step 
AK KoA and 
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Table 4 
Program: 100 MMcf/D Injection 


DATE: Initial Jan. 1, 1954 
Final Jan. 1, 1955 


) 


\ Whichever 
5 5 (3) is B 6 if Vy 
o—Q,—Ofs — (1-S,i1) 
OR - —— + —— Apg sin © 
Mo Mg Vy 
| | | | 
Col. No. 0 1 2 3 4 5 6 7 | 8 9 10 ig 12 13 | 14 15 
| | | 
Item Block Heb’n Initial Mid Depth Pressures Gas Saturation Lower Face Average Total Fluid Density Gradient Total 
Volume Fluid Unit Face Rate Unit Rate By ee Fluid 
Gradient | low, Flow Rate 
Between | Initial | Final | Average} Initial Final Average Average Oil Gas | Diff’nce | Down Dip 
Blocks |———-|—_—— ————| Oil Flow | Gas Flow 
Symbol VH Sgi Sof Sga | 0 eg Ae —-- 
Days 
Units RB x 106 psia psia psia (% Hydrocarbon Volume) (RB/D/ —— psi psi psi RB 
100’ psi) D = | == | == = 
100’ 100’ 100’ D 
psi 
Previous {Previous} Calc. | (3)-+(4) | Previous (6)+-(7) 
Source Table 1 tep Time | Above |——_|_ Time Est. | ——— | Figure 32 | Figure 33 | (9)-+(10) | Fig. 32 | Fig. 33 | (12) — | Page One 
Table 6 Step (4) =(27) 2 Step | 2 (13) 
After | After 
J Several Adj’ment 
K 133 1394 | Trials Page One 
L Each 
M Block 
N 116 25 1427 1507* 1467 23.8 30.1 26.95 738 9311 10049 33.2 3.37 29.83 156600 
O 145 27 1452 1517 1485 17.3 22.2 19.75 1030 4892 5922 33.2 3.40 29.80 148100 
iv 166 30 1479 1519 1499 13.7 16.3 15.0 1217 3019 4236 33.4 3.38 30.02 110600 
Q 188 30 1509 1523 1516 11.8 13.2 12.5 1292 2119 3411 33.6 3.39 30.21 78500 
R 208 30 1539 1530 1534 10.9 10.7 10.8 1208 1532 2740 33.8 3.39 30.41 68500 
S 226 — 1569 1535 1552 10.2 10.2 10.2 1061 1255 2316 33.9 3.37 30.53 44700 
Y 133 1762 | 1705 | 1734 = = | | — | | = 0 
| 
* Estimated for J-N only. 
Note: All Averages refer to time except Average Block Gas Saturation which can be at any indicated time and is taken as the value at the mid depth of the Block. 
| = 
16 17 18 19 20 21 22 23 | 24 | 25 26 27 
Average Excess} Total Pressure Oil Flow Gas Flow Total Oil Oil in Top Change in Average Block Gas Saturation Pressure Drop | Final Pressure 
Pressure for Differential Out Lower Out Lower Out Lower |—Oil Shrinkage Oil a this Time Difference 
(15) on Oil Face Face Face —Oil Prod. Volume c ’ Step Between Blocks 
Change Initial Final 
qo Qe ASg Sot Sof 
RB RB (% Hydrocarbon Volume) 
psi psi — —— RB x 108 RB x 108 RB x 10° psi psi 
D D 
—(22) x 105 
(15) /(12) (14) + (16) (17) x (9) (15)—(18) (19) x Days | Cale’n Above | (21)—(20) — Previous (23)-++(24) (3)—(4) (2)—(16) 
and Table 2 (1) Time Step 
(See Assump- 
tions) 
15.49 45.32 33500 123,100 12,200 5250 -6950 +6.0 28.0 34.0 -80 L10 
25.0 54.8 56500 91,600 20,600 12710 —7890 5.43 20.3 25.73 —65 2 
26.1 56.1 68400 42,200 24,900 18370 —6530 3.93 15.0 18.93 40 { 
23.0 53.2 68800 9,700 25,050 21430 —3620 1.93 12.5 14.43 —l4 7 
25.0 55.4 67000 — 500 24,450 23280 —1170 0.56 11.3 11.86 = 9 5 
19.3 49.8 52900 8,200 19,300 19255 — 45 0.00 10.5 10.50 ~-34 | 
— 185 -+ 185 — 0.5 7.9 7.85 1-57 | 
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HORIZONTAL ORY AIR PERMEABILITY - MILLIDARCYS 


| 


30 
| PERMEABILITY TO GAS - KG | 


FIG, 26 — RELATIVE PERMEABILITY TO GAS CORRELATION. 


practical purposes. Calculations were continued to Jan. 1, 
1950, by one-year steps. The comparison of gas saturation 
calculated from field free gas oil ratios vs prediction, using 
only pressure and production history, is shown on Fig. 34. 
The plotted points were obtained by computing the gas 
saturation indicated by each field well’s gas oil ratio, etc., 
excluding wells which had been worked over for high 
oil ratio, and averaging the values within each 100 vertical 
feet. Predictions were made for Jan. 1, 1952, and Jan. 1, 1954. 


Subsequent to internal publication of the original report 
in Oct., 1951, Jan. 1, 1952, produced GOR’s were used to 
calculate saturation in the same manner with the results 
shown in Fig. 35 along with predicted saturation through 
1970. Production predictions using a slightly different drill- 
ing program starting in 1953 were made for Jan. 1, 1954, 
1955, 1960, 1965, and 1970,. for injection of 100 million and 
130 MMcf of gas a day, and for 1955 and 1960 for 70 
MMcf per day. The saturation-depth curves for the first two 
cases are shown as Figs. 36 and 37. Although the maximum 
spread in gas saturation at any point is only 5 per cent by 
1970, the range of difference in recovery is in many millions 
of barrels of stock tank oil and the economic differences 
are substantial. Fig. 38 is the performance prediction for the 
130 MMcf injection case. Since the question of what to do 
now was answered by carrying prediction only to 1970, further 
predictions were left until computing machines could be 
brought into use. 


gas 


CONCLUSIONS 


A method is presented to predict recovery under natural 
depletion and gas cap pressure maintenance, incorporating 
gravity drainage. The applicability of the method to deter- 
mine the early performance of this reservoir under natural 
depletion is clearly demonstrated. It is believed that it is 
safe to extend these predictions well into the future for both 
natural depletion and gas cap pressure maintenance, because 
the changes in conditions are of magnitude rather than 
type and the changes in the forces are small with respect to 
the reservoir forces already acting. No pressure or produc- 
tion restrictions are needed, no overall conformance factors 
are used, and conventional fluid flow equations are used. 

The method in its present form is probably too lengthy to 
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be useful for small reservoirs and its applicability to highly 
lenticular or otherwise non-homogeneous reservoirs should be 
carefully tested against field performance of the particular 
reservoir. In applying this to any other reservoir, the first 
point to decide is the desired computational accuracy. This 
should not be substantially better than the data available, 
result desired, and time available. A test computation for one 
time period can be made to yield close answers on the devia- 
tions introduced. It is felt that the method has provided more 
accurate overall performance predictions as well as more pre- 
cise comparative predictions for use in solving this practical 
problem than could have been obtained by the use of any 
system published to date. Additional refinements would be 
justified to better size and direct the huge investments indi- 
cated, provided these would not enlarge the problem to the 
point that the time of solution would make the results of 
greater historical interest than practical value. 


ACKNOWLEDGMENTS 


The author wishes to thank Siro Vazquez and the Creole 
Petroleum Corp. for permission to publish this paper. He is 
particularly indebted to E. R. Bower, P. A. Christjohn, T. O. 
Edison, R. S. Graham, and R. H. McNeal for assistance in 
correlating the basic data, stabilizing the procedures, carry- 
ing out the vast number of calculations involved and doing 
much of the work of preparing the original company report. 
The encouragement, constructive criticism and patience of 
W. S. Glendening, M. L. Muller, and P. N. Weidner were 


invaluable for the successful completion of the project. 


% RELATIVE PERMEABILITY TO OIL - K, 


% Ol SATURATION - 


HYDROCARBON VOID 


PETROLEUM TRANSACTIONS, AIME 


FIG. 27 — RELATIVE PERMEABILITY TO OIL — EQUAL 
SATURATION AVERAGE. 
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FIG. 28 — RELATIVE PERMEABILITY TO GAS — EQUAL 
SATURATION AVERAGE. 
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20H % EFFECT ON PRODUCTIVITY INDEX 
oF Rose AT CONSTANT SATURATION 
107] PRESSURE RELATION 
2500 2000 1500 500 ° 
is DATUM PRESSURE-PSIA AT 5235 FT. SUBSEA 
FIG. 30 — VISCOSITY-SHRINKAGE RATIO — PRESSURE. 
T T T 
le} NOTE: ALL FLOW RATES SHOWN AT 1500 PS!A 
° OIL FLOW RATES AGROSS]| To ror | 
PRESSU UBSTRA % 
% RS FACES BETWEEN BLOCKS PER 100 PS! DECREASE FROM (500 PSIA | 
— CALCULATED FROM — DATUM PRESSURE — 
Qo=K2 AP STATIC OIL GRADIENT 
Po AL 4 PSI BETWEEN BLOCKS 
1000 PSIA]1500 PSIA [2000 PSIA 
5 ST, SL BLOCK |NoT DATUM | NOT DATUM|NOT DATUM 
MN 337 33.1 32.5 
a NO 33 8 33.2 32.5 
@ be PQ 34.1 33.4 32.8 
a SS SS QR 34.2 33.6 329 
RS | 344 33.8 33 | 
ST 34.7 34.0 333 
S = Tu 35.1 344 337 
uv 35.5 34.9 343 
35 | S vw | 35.9 355 35.0 
wx 36.2 35.8 35. 
4 SS ¥S xY 36.6 36.2 339 
vw. 
|. 
| 
| 
+ 
| . 10 15 20 25 30 35 40 a5 50 55 
| % GAS SATURATION (HYOROCARBON VOLUME ) 
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FIG. 32 — BARRELS RESERVOIR OIL/DAY/PSI — PER CENT GAS 
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275] oP 228 3.45 I 
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Table 5 


Program 100 MMcf/D Injection 


DATE Initial Jan. 1, 1954 
Final Jan. 1, 1955 


EQUATIONS 


(Hof) 
( 


2 


60 


16) 
ot 


K.f 
Kut (8) 


IME 


K,pof 


ANG 


PERFORMANCE PREDICTIONS INCORPORATING GRAVITY DRAINAGE AND GAS 
CAP PRESSURE MAINTENANCE — LL-370 AREA BOLIVAR COASTAL FIELD 


5G 
@ t (9) 
ot 2 
Col. No. 0 i 2 3 4 5 6 7 8 9 10 hit 12 13 14 | 15 16 
Item Block Perm- Mid Depth Press. | Prod. Decline Ratio yas Saturation Oil Relative Ratio Decline Days Oil Production Rate 
eability: is. and Shrinkage Permeability Factor 
Tnitial | Final Initial | Final Initial | Final |Average 
Initial | Final Initial | Final 
30 30 30 
Symbol K (uof); | (uof)s Sgi Sof Koi Kof 
STB ST STB 
Units Millidarcys|  psia psia (% Hebn. Vol.) % % 
D D D 
Source able 1 ‘ime st. ; 3 5/4 ime ust. Nig 10/9 6x11 From ime | 12x 14 |—— = 
Step Figure 30 Step eal Dates Step 2 
J 0 
K 0 
if 0 
M 0 
0 
0 
P 1200 1479 1519 0.880 0.885 1.006 15.0 18.9 60.6 55.1 0.850 0.855 365 6220 5325 5773 
Q 1125 1509 1523 0.880 0.883 1.002 12.5 14.5 66.5 61.4 0.922 0.926 365 8330 7725 8027 
R 1045 1539 1530 0.880 | 0.878 .998 11.3 11.9 69.1 67.6 0.963 0.961 365 3780 3635 3707 
8 970 1569 1535 0.880 0.873 992 10.5 10.5 71.0 71.0 1.000 0.992 365 10680 10600 10640 
Y 385 1762 | 1705 | 0.880 || 1.011 1.01 365 545 550 547 
| | | | 
17 18 19 20 21 22 | 23 | 24 25 | 26 27 28 29 30 31 
Oil Prod. Adjustments _Total Oil Gas-Oil Ratio Total Gas Production Rate Total Gas Adjustments Total Gas 
Old Wells Pro Production Production 
Old Wells 
HGOR New Initial Free issolved Total Initial Final Average HGOR New 
Workovers} Wells Workovers} Wells 
Final 
STB x 10 (STB x 105) STB x 10° (SCF /STB) Mef x 108 Mef x 105 | Mef x 105} Mef x 108 
Previous ‘ 25 x 26 
13 x 16 x 10 (See Assumptions) 18-+-19-+-17 we Figure 31 | Figure 8 224-23 |14x21x103!15x24x103 ; 13x 27x10] (gee Assumptions) 28 x 29 x 30 
0 
0 
0 
0 
108 
2 2105 2035 2930 350 3280 12657 17470 15063 5500 5500 
2930 2930 1520 1600 350 1950 12662 15050 13856 5055 5055 
1352 1352 1280 1020 346 1366 4838 4960 4899 1785 1785 
3885 3885 W175 815 343 1158 12549 12280 12415 4545 4545 
200 200 1805 1410 256 1666 94 913 950 345 345 
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Program 
Col. No. 0 1 2 3 | 4 | 5 6 7 | 8 9 10 | 1 12 
Item Block Mid Trial Gas Oil Total Mid Depth Pressure 
Pressure 
Final Gradient Effect Final Gradient Effect Initial Final Drop 
Saturation Saturation 
Symbol Sof 9 1— Sof 0 AP 
Units Feet psia % Hebn. — — % Hebn. — — psia psia psi 
Subsea Volume 100’ 100’ Volume 100’ 100’ 100’ 
Source Table 1 | Estimate Estimate Figure 33 3x4 100 — 3 Figure 32 6x7 5+8 Previous Est. Final 10— 11 
Time Step |Block‘‘S’ +9 
K 
L Note: These three columns not used for 
Injection Calculations 
etc. 
2 NOTE: JAN 1,1970 DATUM PRESSURE 538 | 
== z PSIA PRODUCTION 20,000 B/D 
| = 
z 
| 
| | 
| 
| 
5 NEON = a A i 101 2 30 40 so. 70 90 
JAN 1,1950 SATURATION CALCULATED | 3 8 
ON THE BASIS OF PREDICTED DATA 3 
i MIO-DEPTH FEET SUBSEA 
FIG. 35 —GAS SATURATION — DEPTH NATURAL DEPLETION. 
FIG. 34 — GAS SATURATION — DEPTH JAN. 1, 1950. 
| = 
| 
| 
« | NX 
SS 8 AS 
| | | JAN 1970 | | 
| | «INQ | 
1,1970 | | JAN 1. (955 Sse 
| IAN, 1960 | 
x 


FIG. 36 — GAS SATURATION — DEPTH 
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To owe ea |S Dissolved gas, cu ft per stock tank barrel 
Gas expansion factor — standard cu ft to reser- 
| Expansion function 
AY Net reservoir fluid flowing from one block to the 
eS | wat oul Ap Differential reservoir density of oil and gas 
She andes Subscripts indicating initial, final or average 
| Sie : 2, and > Subscripts indicating oil or gas or temperature 
== 1. Leverett, M. C., Trans. AIME, (1941) 142, 152. 
FIG. 38 — PREDICTION 130 MMcf/DAY INJECTION. 2. Buckley, S. E., and Leverett, M. C., Trans. AIME, (1942) 
146, 107-116. 
3. Katz, D. L., Trans. AIME (1942) 146, 28. 
4. Stahl, R. F., Martin, W. A., and Huntington, R. L., Trans. 
AIME, (1943) 151, 138. 
SYMBOLS 5. Lewis, J. O., Trans. AIME, (1944) 155, 133-154. 
6. Burtchaell, E. P., Trans. AIME, (1949) 186, 171-179. 
A Area 7. Cardwell, W. T., Jr., and Parsons, R. L., Trans. AIME, 
ie Shrinkage; volume of oil at bubble point to pro- (1949) 179, 199-211. 
duce one barrel at standard conditions 8. Elkins, L. F., French, R. W., and Glen, W. E., Trans. 
f Shrinkage, other than original AIME, (1949) 179, 222-248. 
G Free gas production for a time interval 9. Terwilliger, P. L., Wilsey, L. E., Hall, H. N., Bridges, 
g Acceleration of gravity P. M., and Morse, R. A., Trans. AIME, (1951) 192; 
K Dry air permeability adjusted for Klinkenberg 285-296. 
effect 10. Getman, F. H., and Daniels, F.. Outlines of Theoretical 
IK Relative permeability to oil, fraction Chemistry, Sixth Edition, 52. 
Ke Relative permeability to gas, fraction 11. Bicher, L. B., Jr., and Katz, D. L.. Trans. AIME, (1946) 
L Length 155, 246-252. 
O Oil production for a time interval 12. Osoba, J. S., Richardson, J. G.. Kerver, J. K., Hafford, 
IP Pressure J. A., and Blair, P. M., Trans. AIME, (1951) 192, 47-56. 
q Quantity of hydrocarbon flowing into or out of 13. Muskat, M., and Taylor, M. O., Trans. AIME, (1946) 
a block at reservoir conditions 165, 78. 
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A METHOD OF PREDICTING AVAILABILITY OF NATURAL 
GAS BASED ON AVERAGE RESERVOIR PERFORMANCE 


RALPH E. DAVIS, CONSULBANT, HOUSTON, TEXAS, AND LEE HILLARD MELTZER, UNION PRODUCING CO., 


SHREVEPORT, LA., 


INTRODUCTION 


During the past few years emphasis has been placed upon 
methods of estimating the future expectancy of gas pro- 
duction from natural gas fields. Before technical methods 
were applied, the production expectancy over future years 
was based upon the knowledge of gas well behavior, learned 
through long experience and embedded in the “know-how” 
of men long in the gas producing business. It is doubtful 
that a technical study of future expectancy of a gas field or 
a group of fields was ever prepared for the preliminary 
planning of a natural gas pipe line system built prior to 
about five years ago. 


The decline in well production capacity was naturally rec- 
ognized by all familiar with the business since its earliest 
beginnings more than 75 years ago. In 1953, the Bureau 
of Mines published Monograph Number 7, “Back-Pressure 
Data on Natural Gas Wells and Their Application to Pro- 
duction Practices,” which gave to the industry the first tech- 
nical analysis of the decline in production of individual gas 
wells. This method affords a means of estimating the future 
production in relation to decline in reservoir pressure. 


The demand for technical determination of expectancy 
of future gas productivity from fields or a group of fields led 
technical men to the application of the knowledge of well 
behavior to the problems. The decline in a well’s ability to 
produce as pressures declined could be estimated by the use 
of the curve known as the “back-pressure potential curve” 
as developed by the Bureau of Mines. A field containing 
few, or even numerous, wells could be analyzed on the basis 
of the sum of potentials of all wells. 


In most studies of this nature, the problem is to estimate 
the rate of production that can be expected, not only from 
present wells but also, from wells that will in the future 
have to be drilled into the reservoir being studied. The 
“back-pressure potential” method requires that the follow- 
ing data be known or estimated: (1) Proved gas reserves. 
(2) Current shut-in pressures and rate at which shut-in pres- 
sures change with production. (3) Back pressure potential 
data on wells in the source of supply.° (4) Ultimate number 


Manuscript received in the Petroleum Branch office September 22, 1952. 
Paper presented at the Petroleum Branch Fall Meeting in Houston, Tex., 
October 1-3, 1952. 
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of wells which will supply gas, and their potential. (5) Limi- 
tations on productivity such as line pressures against which 
the wells will produce, friction drop in the producing string, 
and so forth. 

It is evident that the resulting estimate of gas available 
in each year for a future of say, 20 years, contains many 
uncertainties. While the method may have considerable merit 
for a field that is fully developed, it cannot be completely 
dependable in fields that are only partially developed. In 
such cases, some of the data upon which it is based can 
only be estimated or assumed. 

In the study of this problem during the past few years, 
a method has been developed which we believe has great 
merit, especially when applied to fields subject to substantial 
future drilling, and when applied to the study of. fields which, 
on the average, appear to have characteristics similar, in gen- 
eral, to the average of the fields used in the development 
of the “yardstick” outlined herein. From an analysis of the 
production history of 49 reservoirs which are depleted, or 
nearly depleted, a curve has been constructed which shows 
the average performance of the reservoirs during the declin- 
ing stages of production. When properly applied, this “aver- 
age performance curve” can be used to determine the stage 
of depletion at which a reservoir or group of reservoirs will 
no longer be able to yield a given percentage of the original 
reserves. 


“AVAILABILITY” AND 
“AVAILABILITY STUDIES” 


The rate at which a reservoir will yield its gas depends 
basically upon physical factors, such as the thickness and 
permeability of the sand, the effect of water drive, if any, 
and other conditions, and upon economic factors, such as 
the number of wells drilled. Within the ranges set by the 
physical conditions, a rate of delivery tends finally to become 
established. The rate (or range of rates) represents a bal- 
ance between the interests of the operator, who desires the 
maximum return from his property and of the pipe line owner, 
who desires to maintain a firm supply for his market. This 
balance, which is influenced by the terms of the contract. 
determines the capacity which will be developed by the oper- 
ator, and the time and rate at which the decline in pro- 


duction is permitted to occur. Thus the “availability”? of gas 
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from a property may be defined as its capacity to produce 
under certain operating conditions which depend upon the 
physical character of the reservoir, well completion methods, 
the development of the field, the method of operating the 
property involved and those adjacent to it, the pressure of 
the line into which the gas is delivered, and other factors. 

The purpose of an “availability study” is to inform the 
pipe line owner the number of years that he can expect his 
gas purchase contracts to take care of his market commit- 
ments. The customary way to make an availability study 
has been to analyze the deliverability, through a future period 
of, say 15 to 20 years, of wells presently completed or assumed 
to be completed in the future in a reservoir. Generally, a 
large pipe line obtains its gas from many fields and reservoirs, 
perhaps several hundred, so that an availability study by 
this method requires tremendous time and expense. Further, 
where some of the supplying fields are not well developed, 
we have noted above that rather severe assumptions must 
be made about the number, the timing, and the performance 


of additional wells. The method presented here is much 
shorter, and if properly used, it yields in some situations a 
more trustworthy estimate of availability. 


THE “AVERAGE PERFORMANCE” CURVE 


Those familiar with gas production have observed that 
many fields have produced for years the full demands made 
upon them, until the cumulative gas withdrawal totaled from 
50 per cent to 75 per cent or more of the original reserves 
in place. Examples are thé Panhandle Field, the Monroe Field, 
the Turner Valley Field in Alberta, the Oriskany Sand Fields 
in the Appalachian region, and many others. This relation- 
ship, observed in numerous old fields which were dissimilar 
as to size and physical characteristics as well as to the 
economic conditions of their exploitation, suggested the pos- 
sibility that a standard or norm might be developed, which 
would measure quantitatively the relation between a field’s 
declining reserves and its ability to produce in a practical 
manner. 


Table 1 


Production History of Forty-nine Depleted or Semi-depleted Gas Reservoirs 
(Gas Volumes at 14.9 psia) 


Average Initial Initial Last Year in 


County Well Open Flow Reserve in First Year Last Year Which 74% of 

or Average Capacity Place of Initial Reserve 

Field Reservoir State Parish Depth (ft) (Mcf) (MMef) Production Production* Was Produced 

29 Reservoirs Connected to United Gas Pipe Line Company 

Elm Grove Nacatoch Louisiana BR 825 22,000 83,500 1927 1941 1924 
Elm Grove Hutchirson Louisiana Bossier... . 1,900 11,700 30,000 1923 1941 1930 
Elm Grove Woodbine Louisiana Bossier. 2,450 25,000 85,000 1917 1941 1932 
Bethany Nacatoch Texas Panola and Harrison. .... 950 9,700 38,600 1921 1946 1931 
Bethany Blossom Texas Panola 1,925 14,700 28,900 1922 1947 1926 
Bethany Adams—Old Texas Panola 2,600 29,600 21,600 1922 1941 1925 
Bethany Barlow Texas Panola 2,300 1,800 43,300 1927 1946 1932 
Wascom Blossom Texas and La. Harrison and Caddo...... 1,925 15,300 53,000 1924 1948 1930 
Wascom Nacatoch Texas and La. Harrison and Caddo...... 950 13,400 32,300 1924 1946 1928 
Shongaloo Blossom Louisiana Websteraeckes cuethe ccs 2,600 39,800 76,000 1922 1939 1928 
Springhill Blossom Louisiana Bossier and Webster...... 2,625 39,400 25,800 1922 1937 1927 
Sligo Smith Louisiana 1,700 3,700 15,000 1927 1941 1932 
Richland Tuscaloosa Louisiana Ouachita, 
ichland.... 2,400 37,300 489,100 1926 Produci 3: 

Lake Bistineau Pettet Louisiana Beinville andBossier...... 5,070 24,800 142,500 1938 
Sugar Creek Kilpatrick Louisiana Claiborn@wieaaestret eines cls 4,300 25,400 34,800 1931 Producing 1936 
Sugar Creek Darrett Louisiana Claiborne. 5,550 22,100 91,500 1936 Producing 1944 
Jackson Gas Rock Mississippi Hinds and Rankin....... . 2,390 42,600 144,000 1930 Producing 1939 
Gas Ridge 800 Ft. Texas Berar Gaerne 800 500 11,000 1922 1947 1927 
Medina 900 Ft Texas 900 14,200 14,000 1926 1945 1930 
Cole-Bruni ‘ Cole - Texas Webb and Duvall. . 1,700 37,900 141,500 1925 1949 1931 
South Martinez Martinez Texas Lopate 1,650 21,900 21,900 1931 Producing 1936 
Bruni : Bruni Texas Webb. 2,300 42,500 41,500 1927 Producing 1936 
Benavides Mirando Texas 2,300 33,000 10,100 1927 1946 1931 
West Beaumont 5,600 Ft Texas 5,600 40,700 75,800 1938 Producing 1946 
Refugio 3,700 Ft. Texas 3,700 50,000 45,000 1927 1939 1931 
White Point 1.900 Ft Texas San Patricio..........+-- 1900 27,000 81950 1927 1937 1932 
Hast McFaddin Ft, Texas Vichoria, 54.400 21/900 1930 Producing 1940 
Burnell Pettus Texas 3,325 13,500 6,300 1935 1947 1937 
Sewell Caddo Lime Texas 3,900 30,600 24,800 1941 Producing 1942 

10 Michigan Reservoirs 
Deerfield-Broomfield Michigan Stray Michigan 1,850 1,820 14,150 9: i 
Edtnore Michigan Stray Michigan Montealim:< 1,265 11100 9°98 
Hast Evart-West Evart Michigan Stray Michigan 1,430 1,600 6,680 1942 1947 
West Fork | Michigan Stray Michigan Mecosta 1,510 2,070 2,560 1944 Producir : 1949 
Lincoln Michigan Stray Michigan CHOPS 1,515 8,490 19,870 1939 19497 1948 
Six Lakes Michigan Stray Michigan Mecosta and Montcalm. . . 1,285 24,474 52/130 1935 Producin; 1944 
Suniner-New Hayen-Crystal Michigan Stray Michigan Montoalm..,....0t.+s> 960 6,400 11,090 1935 Bodacns 1944 
Vernon Michigan Stray Michigan Tsabella 1,300 1,300 1,760 1932 193 
Wise No. 2 Michigan Stray Michigan Tsabella,s 1,250 3,180 1,840 1941 1950 
10 Reservoirs in 7 States 
Buttonwillow San Joaquin Clays California 2,500 37 26 
Semitropic San Joaquin Clays California Kern 16800 
Lyons Sour Arbuckle Dolomite Kansas ae 3,400 16,549 1937 
Woodhull Oriskany Sand New York Ste 4,000 — 33.893 1937 Produc 
Avon Township Clinton Sand Ohio Dora 2,300 — 1150 1937 
Oxford Township Berea Sand Ohio Guernsey 1,350 2'950 1934 
Perry Perry Sand Oklahoma INL 3,450 20;415 1929 i948 
West Asher Layton Sand Oklahoma _ Pottawatomie............ 2,800 _ 11,824 1946 Produci ne 
Main Pool Oriskany Sand West Virginia Kanawha and Jackson... . 5,100 - 700,000 1937 ayes 1950 
Hidden Dome Frontier Sand Wyoming 1,350 24/100+ 1920 1938) 
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In order to test the hypothesis, the production data for 49 
depleted or nearly depleted gas reservoirs were collected and 
analyzed. These data are summarized in Table 1. While 
there is necessarily an element of judgment in the choice of 
the reservoirs used, it is believed to have been minimized by 
the employment of two main criteria: (a) only depleted or 
nearly depleted reservoirs were included; and (b) the selected 
reservoirs were those for which there were sufficient and 
accurate data to permit estimates of the initial reserves in 
place. 

Since this study seeks to discover the average relationship 
between rate of production and cumulative production, the 
only information required was the figures of actual annual 
production and estimates of the relatively small remaining 
reserves in place. Production figures are metered production. 
The reserve estimates in all but two instances are based on 
production-pressure-decline curves. Since the group contains 
fields which produced as long as 20 or 30 years ago, the 
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basic data varied in quality, but the estimates are believed 
to be sufficiently accurate for the purposes of this study. In 
the case of the Jackson Field, and the East McFaddin 3,700- 
foot sand, which were water drive reservoirs, the estimates 
are based the extent of water encroachment as related 
to production. 

For each reservoir, the annual production was_ plotted 
against the cumulative production, each expressed as a per- 
centage of initial reserves in place. The plotted points were 
connected, to yield the curves shown in Figs. 1, 2, and 3. These 
curves should be discussed briefly. 

Production from many gas reservoirs is often restricted by 
market requirements, so that they may produce for many 
years at relatively constant rates which are below capacity. 
In other instances, inspection of the curves reveals reservoirs 
which have yielded an increasing percentage of their gas up 
to a peak year, after which the production rate declined. 
The rise may have reflected an expanding market which 


on 


Table 1 (Extended) 


Production History of Forty-nine Depleted or Semi-depleted Gas Reservoirs 
(Gas Volumes at 14.9 psia) 


Annual Production in MMef 


ite at lith 12th 13th 14th 15th 16th 17th 18th 19th 20th 2ist 22nd 23rd 24th 25th 26th 


Ist 2nd 3rd 4th 5th 6th 10th 
Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year Total 
487 10,473 10,580 8,304 8,609 9,239 10,680 8,214 3,819 2,382 1,518 1,368 798 652 850 551 686 633 579 657 467 321 312 292 119 — 82,590 
—  1,737° 1,053 1,441 3,107 5,680 4,361 2,737 1,694 868 726 703 613 642 4388 400 279 264 99 
168 4,942 10,879 16,428 12,829 9,362 3,792 2,445 2,052 1,627 1,584 2,471 4,620 3,168 1,548 295 421 993 865 681 595 586 516 438 205 — 83,510 
1,383 102 579 520 2,824 2,551 3,331 5,991 5,769 2,299 1,042 785 618 580 528 399 295 232 163 122 1038 91 86 68 58 54 30,573 
1,671 3,733 7,313 7,065 2,650 ih yy 738 639 536 173 178 184 194 185 147 167 163 138 127 140 133 110 116 116 119 37 27,884 
2,124 6,145 5,897 1,942 1,242 769 778 637 334 130 49 26 -114- .146, «184... 177. 192), 182 74 13 -- — - — — — 21,105 
28 2,534 3,852 4,942 3,872 3,488 3,218 3,084 2,399 2,040 1,594 1,229 981 761 651 568 516 383 310 245 -- - —- — = = -36;995 
92 7,702 14,409 16,424 6,854 1,482 768 406 322 242 220 228 205 279 -304 353 294 269 250 218 138 126 127 62 30 — 51,798 
500 5,750 4,158 4,786 4,097 1,769 1,127 641 497 391 475 630 687 545 595 569 368 263 203 160 158 127 119 — — — 28610 
6,351 6,189 5,458 10,788 10,915 11,107 11,633 5,362 2,517 1,388 1,063 792 354 126 120 150 225 183 — 
—_— 3,487° 1,745 3,634 6,033 4,216 919 331 201 153 68 49 48 35 24 14 = = = = oo — — 20,907 
546 475 1,124 2,183 2,571 1,713 873 591 299 204 212 208 166 144 53 = — = — = = — 11,362 
1 1,852 10,000 42,370 86,859 91,246 81,845 56,923 32,645 21,630 12,321 8,354 5,487 2,866 q _— — _ — — —_ 3 100 791 907 935 457,139 
79 417 7,389 12,129 11,386 11,190 11,849 11,516 9,931 10,004 7,382 5,021 4,248 4,184 — — = = = — — =) — — 106,675 
3,803 3,984 3,793 4,281 5,764 4,385 1,611 480 203 180 198 188 191 126 50 48 61 60 114 349 869 —- =—- => = — 30,738 
1,112 3,425 4,672 4,834 6,567 8,326 8,032 7,495 7,168 5,872 4,330 3,600 2,277 2,974 2,339 1,605 = — 14,628 
— — 14,877$ 9,455 9,051 10,352 13,048 14,327 14,418 15,361 6,508 3,911 2,102 1,360 859 627 478 386 331 291 224 2201 — — — 118,162 
26 869 1,526 266 863 912 809 558 286 276 948 219 1287 100 87 93 88 66 42 66. 74" 49 8,997 
29 1,606 2,602 2,504 2,143 930 450 449 490 358 119 93 71 46 38 25 — —- — 12,872 
9 3,277 12,3872 15,836 13,756 13,648 10,882 8,687 8,759 8,309 6,098 4,063 3,559 2,853 2,831 2,237 1,458 1,354 7 8 8 8, 10 4  — 120,041 
115 165 793 4,376 3,878 2,323 655 138 74 742 686 579 651 522 610 641 728 399 299 248 174 —- —- —- — — 18,796 
24 750 3,074 2,449 1,355 1,448 1,501 2,091 2,334 3,206 2,116 1,661 2,312 1,800 1,221 924 553 545 268 133 87 5716 5 — — 29,930 
137 38 2,077 2,721 1,248 702 561 454 288 275 240 2038 116 63 26 29 14 10 6 7 — —_— - — — — = 9,215 
— 11,279° 3,995 7,995 7,397 6,221 5,510 5,010 3,811 3,528 2,946 = 
213 598 5,763 10,845 7,630 2,822 2,411 1,389 989 = 
33 697 717 1,121 1,008 836 539 389 385 207 3 = — 
140 923 785 733 1,263 536 1,865 2,183 3,093 2,081 1,666 1,119 1,042 722 394. 338 256 299 225 115 348 148 — — —~— — 20,269 
268 513 927 736 593 428 320 260 151 44 38 61 3 == = = = =s = == SS — +4342 
60 641 3,818 5,074 3,597 2,106 2,012 1,342 778 365 254 = = = == == — 22,604 
— — — —_ 2,207° 1,287 883 659 448 505 432 675 881 1,015 819 640 522 596 316 245 169 130 — — — — 12,429 
52 522 800 1,113 1,127 1,089 878 370 275 237 192 163 155 146 — = = _— — — —_- - —- — — 7,119 
30 272 819 1,297 805 584 384 265 150 87 = 2 = = = se = = = = = —- — — — 4,693 
10 262 377 401 298 220 147 95 = = = == 2=2 = = = = = == == - = = — 1,810 
99 365 455 133 102 126 118 121 114 111 100 95 75 58 =e = = == — = Se 2,072 
64 453 1,021 934 1,182 1,085 1,078 1,337 2,751 2,336 1,027 = — = se = — = — _— - - — — — 13,268 
178 2,158 4,565 4,732 4,909 5,362 4,678 4,086 4,835 4,350 3,411 2,514 1,565 1,085 795 589 481 - — — ~ - — - 50,293 
5 217 547 605 676 679 717 1,324 1,541 1,294 672 606 463 332 224 136 149 o— — _ _ - — — — — 10,187 
— — 593t 258 105 105 80 44 38 3 \1 13 7 5 5 3 1 1 1 — —- — = _-_ — 1,311 
261 261 158 277 246 141 99 119 48 15 — == = = = — 1,625 
989 232 174 3,106 4,260 101 83 25 == 255 1,072 704 2,672 2,736 1,411 2,643 3,343 1,413 3,834 912 2,248 1,564 505 141 43 22 37,983 
£;421 30 690 276 371 826 727 1,769 1,018 968 1,501 1,372 977 890 481 115 287 = = = - -_ = — — — 13,669 
403 2,149 3,126 2,230 2,443 700 425 377 273 168 114 37 = — — — — - - - - — 13,445 
4,978 20,228 4,673 1,355 597 373 249 193 108 120 98 87 99 99 71 — _ _ = = = — 38.398 
18 128 333 153 97 50 41 26 29 26 30 20 il oo — - - —_ - = = 962 
720 888 352 170 106 75 64 41 35 29 28 26 22 22 22 19 _ - - — 2,619 
433 1,706 994 891 437 1,203 1,646 1,844 1,598 964 1,008 1,644 822 529 558 488 268 137 17,120 
481 2/895 3,065 2,625 1,319 — 10,908 
34,000 48,000 58,000 74000 97,000 121,000 90,000 46,000 28,000 16,000 8,000. 5,000. 4,000 = — — 629/000 
663+ 1.843 4796+ 4:103+ 3,698 2821+ 1697+ ‘999+ ‘428+ 332+ ‘280+ 286+ ‘187+ 13+ — 29'148 
tLast year for which data were available *Indicated as producing if gas was produced in 1951. ©Virst two years. {First three years. *First five years. 
*Last full year of production. Converted to storage reservoir in June, 1950. *Pressure base not known. 
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was below the capacity of the reservoir, or it may have been 
the result of the drilling history. It will be noted that these 
variations in production were related more to economic con- 
ditions than to physical factors within the reservoirs them- 
selves. Accordingly, the production history throughout most 
of the lives of the reservoirs gives little indication of their 
physical ability to produce. It is not until the declining 
years that the annual rate of production is a measure of the 
reservoirs’ capacity to deliver gas into a pipeline. Hence 
it is in the later stages of production, when the physical 
factors outweigh the economic, that the production rates from 
old reservoirs can be expected to yield a standard for estimat- 
ing gas availability from newer sources of supply. 


Accordingly, from the declining years of each curve, points 
were chosen which measured the cumulative production at 
which the reservoir no longer produced annually as much as 
15 per cent, 10 per cent, 744 per cent, 5 per cent, 3 per 
cent, 2 per cent, and 1 per cent of its initial reserves in 
place. These values were tabulated and averaged for groups 
of reservoirs, as shown in Table 2, and as illustrated graph- 
ically in Fig. 4. 


The three curves in Fig. 4 illustrate the experience in three 
widely separated groups of reservoirs. It is observed that the 
Michigan reservoirs produced at an average annual rate of 
74% per cent, or more, of their initial reserve in place until 
60 per cent of their gas had been produced; the 29 “United 


35: 


1 — PRODUCTION HISTORIES OF 29 DEPLETED OR NEAR-DEPLETED RESERVOIRS CONNECTED TO UNITED GAS PIPE LINE COMPANY. 


Gas” reservoirs maintained that rate, or better, until they had 
yielded 66 per cent of their gas, and the 10 reservoirs in 
seven states exceeded the 7144 per cent withdrawal rate 
until 76 per cent of their gas was produced. In other words, 
the 74% per cent annual rate of production of original reserves 
in place was maintained or exceeded until original reserves 
in place were depleted within the range of 60 per cent to 
76 per cent for the three groups of reservoirs studied. Sim- 
ilarly, the 5 per cent annual withdrawal rate was maintained 
or exceeded until depletion reached the stage within the 
range of 71 per cent to 80 per cent, and the 3 per cent 
annual rate until depletion reached the stage between the even 
smaller range of 78 to 81 per cent of original reserves in 
place. When these readings are translated into time periods 
by dividing the annual production rates (714 per cent, etc.) 
into the corresponding cumulative production figures (60 
per cent, etc.) it is seen that there is only a small difference 
in the time that the groups of reservoirs were able to meet 
the various annual withdrawal rates. 

An “ayerage performance curve’ has been constructed for 
the 49 fields, from averages in Table 2. This curve is depicted 
in the hypothetical availability study in Fig. 13, and is 
the average of all the data which were used in constructing 
the three curves shown in Fig. 4. Since this average perform- 
ance curve is the critical element in the method of esti- 
mating availability which this paper describes, it may be well 
to examine it somewhat before discussing its use. 
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CUMULATIVE PRODUCTION-PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 2— PRODUCTION HISTORIES OF 10 DEPLETED OR NEAR-DEPLETED MICHIGAN RESERVOIRS. 
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TESTING THE CURVE 
BY RE-GROUPING THE DATA 


It may be suggested that the average relationship which 
the curve depicts might have been substantially different 
under different economic or physical conditions. Thus the 
applicability of the curve to a group of reservoirs which 
have not yet begun to decline might be questioned, if 
economic conditions in the future are expected to differ 
from the past, or if the aggregate of reservoirs being studied 
differs significantly in physical characteristics from the aggre- 
gate represented by the average curve. Each of these pos- 
sibilties merits discussion. 


The influence of economic conditions upon the average 
performance curve is probably negligible, for reasons to be 
developed shortly. However, it should be noted first that 
any method of making a study of gas availability requires 
certain assumptions about future economic conditions. While 
there are a number of approaches to the problem. no one 
of them can predict with certainty the decisions and actions 
during the next 10, 15, or 20 years of the numerous com- 
panies and individuals that sell gas to a pipe line. All that 
can be done by any method is to test the controlled reserves 
to see how long they could support the market requirements 
under some development plan that is thought to be reasonable. 
In the last analysis, any reasonable estimate of gas avail- 
ability must make allowances for the fact that development 
costs will not be incurred by an operator unless gas sales 
are expected to justify the expense. 


When properly applied, the use of the average perform- 
ance curve is little subject to error in economic forecasting 
when applied to groups of reservoirs. To demonstrate this, 
it should be emphasized again that the average curve repre- 
sents the production decline in the final stages of depletion, 
after most of the economic effects on the performance of the 
reservoirs have already worked themselves out. For example, 
a reservoir which is only 15 per cent depleted may produce, 
say, 20 per cent of its reserves in a year, and without further 
drilling the production might decline to 15 per cent in the 
following year, and 10 per cent in the third year, to yield 
a total of 60 per cent. In the fourth year, economic condi- 
tions may justify additional drilling which increases the 
deliverability of the reservoir back up to, say, 15 per cent. 
But by the end of that year, 75 per cent of the reserves 
have been produced. During the remaining life of the reser- 
yoir, economic conditions can have little upward influence 
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FIG. 3 — PRODUCTION HISTORIES OF 10 DEPLETED OR NEAR-DEPLETED RESERVOIRS IN SEVEN STATES. 


on the production rate. Even if drilling costs were cut in half 
or the price of gas were tripled, the physical fact remains 
that the reservoir is so near depletion that it cannot be made 
to “bounce back” very far up the scale of production rate. 
The production history of the 49 reservoirs which enter into 
the average performance curve is abstracted from the data 
for the final stages of depletion, when economic conditions 
have ceased to be of great importance, insofar as the down- 
ward direction of the curve is concerned, and the slope of 
the curve is controlled principally by the physical factors 
attendant upon the nearly depleted condition of the reservoirs 
themselves. 


In order to measure the importance of the economic cycle 
upon the performance of the reservoirs entering into the curve, 
the 49 reservoirs were classified on the basis of the final year 
in which they were able to produce 744 per cent of the 
original reserves, and then grouped into three time-periods; 
1922-31, representing a period of prosperity and presumably, 
heavy demand for gas; 1932-40, representing a period of 
industrial depression; and 1941-50, representing a period of 
prosperity. The results are portrayed in Fig. 5. Fig. 6 presents 
a similar analysis for 20 “United” reservoirs grouped into two 
time periods, 1922-1931 and 1932-1947. This analysis does 
not, of course, explore all the possible economic impacts upon 
reservoir performance, since fluctuations in the demand for 
gas from a particular field or area do not necessarily follow 
closely the economic cycle. Nevertheless, it must be remem- 
bered that a gas field is an asset of considerable value, and 
its owner is going to produce it if he has a market, regard- 
less of economic fluctuations from year to year or area to 
area. And these 49 historical examples show reseryoirs which 
have been produced down to their practical limits during a 
period of 30 years, in prosperity and depression alike. It 
seems reasonable to assume that, insofar as economic con- 
ditions are an influence. future development will be similar 
to past history. 

Factors other than economic which might be presumed 
to influence the general applicability of the curve, include the 
geographic location of the reservoirs, field size, individual 
well capacity, and depth of the producing horizon. As to 
the first, it will be noted from Table 1 that the reservoirs 
studied are located in 1] states of the nation. Further, a 
separate geographic analysis of the fields in the “United Gas” 
group is presented in Fig. 7, which shows only a small differ- 
ence in the ability of the two “United” groups to meet re- 
quirements at annual production rates of 74% per cent or 
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————@ 10 MICHIGAN RESERVOIRS. 


10 RESERVOIRS IN 7 STATES. 


————-0 29 RESERVOIRS CONNECTED TO 


UNITED GAS PIPE LINE CO.— 


GULF COAST AREA. 
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10 20 30 40 50 60 70 80 90 100 
CUMULATIVE PRODUCTION - PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 4— HISTORY OF NEAR-DEPLETED RESERVOIRS. 
——X PERIOD 1922-1931 INCLUSIVE (16 RESERVOIRS) 
O PERIOD 1932-1940 INCLUSIVE (16 RESERVOIRS) 
PERIOD 1941-1950 INCLUSIVE RESERVOIRS) 
Tet 
SJ 
i LT 
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CUMULATIVE PRODUCTION —- PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 5 — FORTY-NINE RESERVOIRS GROUPED AS TO THE LAST YEAR IN WHICH 7'2 PER CENT 
OF THE INITIAL RESERVE IN PLACE WAS PRODUCED. 
——X PERIOD 1922-1931 INCLUSIVE (I5 RESERVOIRS) 
O PERIOD 1932-1947 INCLUSIVE (I4 RESERVOIRS) 
10 20 30 40 50 60 70 80 90 100 
CUMULATIVE PRODUCTION - PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 6 — TWENTY-NINE RESERVOIRS CONNECTED TO UNITED GAS PIPE LINE CO., GROUPED AS TO 
THE LAST YEAR IN WHICH 7% PER CENT OF THE INITIAL RESERVE IN PLACE COULD BE PRODUCED. 
O TOTAL GROUP - 29 RESERVOIRS IN GULF COAST AREA. 
—-——%X |2 OF GROUP, LOCATED IN SE.,SW.,AND NORTH CENTRAL TEXAS. 
ry ~~~ 17 OF GROUP, LOCATED IN EAST TEXAS, NORTH LOUISIANA AND 
MISSISSIPPI, 
ite) 
20 30 40 50 60 70 80 90 100 
CUMULATIVE PRODUCTION - PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 7 — GEOGRAPHIC DISTRIBUTION OF 29 RESERVOIRS CONNECTED TO UNITED GAS PIPE LINE CO. 
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——=——X 26 RESERVOIRS HAVING LESS THAN 25000 MMCF 
INITIAL RESERVE IN PLACE, (AVERAGE: 12,300 MMCF) 
© 23 RESERVOIRS HAVING MORE THAN 25,000 MMCF 
20 INITIAL RESERVE IN PLACE, (AVERAGE: 110,000 MMCF) 
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CUMULATIVE PRODUCTION — PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 8 — FORTY-NINE RESERVOIRS GROUPED AS TO INITIAL RESERVE IN PLACE. 
—— xX 15 RESERVOIRS HAVING LESS THAN 35,000 MMCF 
INITIAL RESERVE IN PLACE, (AVERAGE: 18,803 MMCF) 
© |I4 RESERVOIRS HAVING MORE THAN 35 000 MMCF 
20 INITIAL RESERVE IN PLACE, (AVERAGE: 110,735 MMCF) 
| 
| 
10 
a 
3 
| 
it 
10 20 30 40 50 60 70 80 90 Le, 0] 
CUMULATIVE PRODUCTION — PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 9 — TWENTY-NINE RESERVOIRS SONNEGIED: ie Peiiew GAS PIPE LINE CO., GROUPED AS TO INITIAL RESERVE IN PLACE, 
——X 24 RESERVOIRS ABOVE 2300 FEET IN DEPTH. 
AVERAGE™ 1372 FEET 
hes fila | © 25 RESERVOIRS AT 2300 FEET OR GREATER DEPTHS 
20 AVERAGE 3231 FEET. 
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CUMULATIVE PRODUCTION —- PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 10 —FORTY-NINE RESERVOIRS GROUPED AS TO DEPTH. 
—-—X %|I5 RESERVOIRS AT 2300 FEET OR SHALLOWER DEPTHS. 
1] AVERAGE: 1602 FEET 
1] O !14 RESERVOIRS BELOW 2300 FEET IN DEPTH 
20 AVERAGE 3586 FEET 
4 
15 iE 
10 20 30 40 50 60 70 80 90 100 
CUMULATIVE PRODUCTION — PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 11 — TWENTY-NINE RESERVOIRS CONNECTED TO UNITED GAS PIPE LINE CO., GROUPED AS TO DEPTH. 
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less. Individual reservoir histories in the 49 reservoirs varied 
widely. But, as is indicated by Figs. 4 and 7, the experience 
of the natural gas industry has been fairly similar over 
a broad area, during the periods of declining production, 
when judged by the performance of groups of reservoirs. 
Figs. 8 through 11 and Fig. 12 illustrate the results when 
all or some of the reservoirs are regrouped on some physical 
basis, such as size, depth, and well capacity. As to size 
of field, the small fields appear from Figs. 8 and 9 to 
have declined earlier than the larger, but the differences 
between the two groups are slight. Similarly, Figs. 10 and 
11 show small differences in history between the more shal- 
low as compared with the deeper groups of reservoirs. And 
Fig. 12 indicated that initial well capacity has little influence 


upon the production history of reservoirs which are near 
depletion. In summary, when all the Figures are considered, 
it seems that economic, geographic and physical differences 
have little influence upon the number of years that a given 
rate of production can be maintained from a group of 
reservoirs. 


AN ILLUSTRATION OF THE METHOD 


Table 3 gives hypothetical data which may be used to 
illustrate an availability study based on the average perform- 
ance curve method. Total anticipated annual requirements for 
20 years are shown in Column 2 of the Table. Column 3 con- 
tains estimates of that portion of the future gas supply which 
is to be purchased from casinghead gas connections, gas 


Table 2 


Forty-nine Depleted or Near-depleted Reservoirs 


Cumulative Production for Various Annual Rates of Production During Later Stages of Depletion 


(Production Figures Expressed as Per Cent of Initial Reserve in Place) 


Annual Rate of Production 
Field Reservoir 15% 10% 7.3% 5% 3% 2% 1% 
9 Reservoirs Connected to United Gas Pipe Line Co. 
North Louisiana, East Texas, and Mississippi 
Elm Grove Nacatoch — 79% 82%, 84% 87 89 929 
Elm Grove Hutchinson 56% 65% 69% 74% 
Elm Grove Woodbine 54% 64% 67% 87% 90% 91% 95% 
Bethany Nacatoch 56% 63% 65% 66% 68% 70% 76% 
Bethany Blossom 74% 171% 79% 81% 83% 87% 89% 
Bethany Adams Old Lens 11% 74% 17% 81% 91% 92% 92% 
Bethany 32% 50%, 67%, 75% 785, 84%, 
Wascom 84%, 86% 87% 88% 80%, 80%, 91% 
oom 27% 62% 64% 66% 69% 79% 86% 
Shongaloo 82% 87% 89% 91% 93% 94% 97% 
Springhill 74% 16% 76% 11% 78% 78% 79% 
Sligo 50% 59% 62% 657% 68% 69% 75% 
Richland _ 68% 78% 82% 86% 89% 1% 92% 
Lake Bistineau 27% 67% 73% = 
Sugar Creek 67% 76% 78% 79% 80% 
Sugar Creek == _ 58% 67% 78% 81% a 
Jackson 71% 72% 74% 77 78% 79% 
PAV tra 63.6% 74.9% 71.1% 76.5% 80.3% 83.4% 86.8% 
Southeast, Southwest, and North Central Texas 
Gas Ridge — 37% 55% 62% 64% 11% 75% 
Medina 63% 68% 70% 81% 
Cole Bruni Cole == 30% 50% 10% 74% 80% 84%, 
West Beaumont 37% 54% 68%, = 
White Point 1900 46% 53% 58% 65% 
A 49 75.59, 78.4% 81.3% 
Average of United Gas Group.............. 61.8% 62.3% 66.3% 72.8% 78.4°;, 81 3% ye 
Ten Michigan Reservoirs 
Deerfield-Broomfield Michigan Stray 17% 23° 7 307, 
Evart, East and West Michigan Stray. . 43% 54% 6307 667, 6807, Wee ay 
West Fork | Mighigan 43% 57% 63%, 68%, 
Grant-Sheridan Michigan Btray 39% 420%, 43 vA 63%, 840, 
Six Lakes Michigan Strays 44% 79% 91% 93%, 
Sumner-New Haven-Crystal Michigan Stray... = 70% 73%, 9207 87% 96% 
ise No. 2 538% 70% 74% 86% 87%, 88%, 
(0) 
0% 52.5% 9.8% 78.5% 80.12 85.807, 
Ten Reservoirs in Seven States 
Buttonwillow Nat: Joaquin — 21% 207 
Lyyons Sour Arbuokle 68% 71% 72% 73% 750, 780), 80% 
64% 68%, 71% 77% 81% 
ounties (Main Pool) Oriskany 68% 78¢ 207 
(9) 
Average of Forty Nine Fields.............. 59.8% 60.9% 66.9% 73.9% 79.0% 81.7% 84.9% 
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Table 3 


Availability Study — Hypothetical Example 
(Gas Volumes at 14.9 PSIA) 


Requirements of Gas Well Gas 
from Non-Declining** Reservoirs 


Purchases of Gas Well Gas from 
Non-Declining** Reservoirs 


Annual Cumulative Annual Cumulative 
Total Gas from 
Anticipated Miscellaneous % of Initial % of Initial % of Initial % of Initial 
¢ Requirements Sources* eserve Reserve Reserve Reserve 
Year (MSCF) (MSCF) M¢CFr in Place in Place M°CF in Place in Place 
As of 
1952 450 100 350 2.56 14,82 350 2.56 14.82 
1953 500 100 400 2.92 17.74 400 2.92 17.74 
1954 550 90 460 3.36 21.10 460 3.36 21.10 
1955 600 80 520 3.80 24.90 520 3.80 24.90 
1956 600 80 520 3.80 28.70 520 3.80 28.70 
1957 600 70 530 3.88 32.58 530 3.88 32.58 
1958 600 70 530 3.88 36.46 530 3.88 36.46 
1959 600 65 535 3.91 40.37 535 3.91 40.37 
1960 600 65 535 3.91 44.28 535 3.91 44.28 
1961 600 60 540 3.95 48.23 540 8.95 48.23 
1962 600 60 540 3.95 52.18 540 3.95 52.18 
1963 600 60 540 3.95 56.13 540 3.95 56.138 
1964 600 55 545 3.98 60.11 545 3.98 60.11 
1965 600 55 545 3.98 64.09 545 3.98 64.09 
1966 600 55 545 3.98 68.07 545 3.98 68.07 
1967 600 50 550 4.02 72.09 550 4.02 72.09 
1968 600 49 551 4.03 76.12 533 3.90 75.99 
1969 600 48 552 4.04 80.16 383 2.80 78.79 
1970 600 47 553 4.04 84.20 301 2.20 80.99 
1971 600 46 554 4.05 88.25 219 1.60 82.59 
11,700 1,305 10,395 75.99 9,621 70.33 


Calculation of the State of Depletion and of the Initial Reserves in Place Under Leases Covered by Gas Purchase Contract. 


Cumulative total gas well gas production from reservoirs from which gas will be purchased— 2,550 MCF as of January 1, 1952. Total initial reserve in place of gas well gas in reservoirs from 
which gas will be purchased—20,800 MCF. State of depletion on January 1, 1952 = 2,550 M3CF + 20,800 MCF = 12.26% of initial reserve in place. Reserves in place as of January 1, 1952 
under leases covered by gas purchase contract—12,000 MCF. Initial gas well gas in place under leases covered by gas purchase contract = 12,000 M°CF + (100% — 12.26%) = 13,677 M’CF. 


**Note—These production and reserves figures apply to gas reservoirs whose deliveries are not now declining below market requirements. Those semi-depleted reservoirs whose delivery 
capacities are currently less than market requirements and declining are included under the heading ‘‘Gas from Miscellaneous Sources’. 


“Includes casinghead gas, gas from semi-depleted gas fields whose delivery capacities are currently below market requirements and are declining, and gas from sources whose future deliveries 


will be limited contractually, 


fields whose productive capacity is currently declining below 
market requirements, and from sources whose future deliveries 
are considered limited by contract terms. The difference be- 
tween the total requirements, and those volumes from “Miscel- 
laneous Sources” tabulated in the third column, is shown 
in Column 4. These are the volumes which in future years 
must come from reservoirs whose deliveries are not cur- 
rently declining. At the beginning of the problem, these 
reservoirs had produced 12.26 per cent of their initial reserve 
in place. 

The anticipated annual requirements of gas from the non- 
declining sources are shown in Column 4 to rise from 350 
billion cu ft in 1952 to 554 billion cu ft in 1971. When such 
volumes are related to reserves, it is seen in column 5 that the 
requirements in 1952 will be 2.56 per cent of the initial 
reserve in place, rising rapidly to 3.80 per cent, and increas- 
ing more slowly thereafter to an annual requirement of 4.05 
per cent in 197]. Column 5 also shows that, between 1952 
and 1971, the total requirement from these reservoirs is 75.99 
per cent of the initial reserve in place. Since the reservoirs 
were 12.26 per cent depleted at the beginning of the prob- 
lem, they would be 88.25 per cent depleted at the end of 
1971, as shown in Column 6, if they could meet the full 
requirements made on them for the 20-year period. However, 
the average performance curve indicates that the required rate 
of about 4 per cent per year can be maintained only until 
the reservoirs are, on the average, approximately 76 per cent 
depleted, so that the supply will fail to meet the full twenty- 
year requirements of the pipe line system. 

Fig. 13 is a graphic illustration of the pertinent data from 
Table 3. The anticipated annual requirements from the non- 
declining reservoirs, expressed as a per cent of initial reserve 
in place (Column 5 from Table 3) are plotted against cum- 
ulative production, similarly expressed (Column 6 from Table 
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3). The average performance curve is also shown. Until 1968, 
the 17th year, the annual requirements are less than the 
indicated average capacity as indicated by the history of the 
49 reservoirs represented in the “yardsick.” In that year, 
if the requirements were to be met, the reservoirs would have 
to produce at an annual rate of 4.03 per cent of the initial 
reserve in place and the reservoirs would be 76.12 per cent 
depleted. But the average performance curve indicates that 
the 4.03 per cent rate of production can be maintained 
only until the reservoirs are 76 per cent depleted so that 
there would be a small deficiency in 1968, and a larger one 
in succeeding years. The deficiency. can be calculated by com- 
paring Column 7 with Column 4 in Table 3. Thus, in this 
hypothetical problem, the use of the average performance 
curve shows rather quickly that the reserves under contract 
are adequate to supply the anticipated needs for approxi- 
mately sixteen or seventeen years. 


SOME OBSERVATIONS 


The question may arise as to whether the method described 
herein is suitable for the study of gas availability from a 
single gas field or reservoir. That would depend on the field. 
The data from the forty-nine reservoirs bear out com- 
mon experience in the industry, that no two reservoirs behave 
in exactly the same manner and that variations between 
individual fields may be considerable. In view of this, it 
would be necessary to consider whether the permeability of 
the reservoir and other factors were such as to lead one 
to anticipate that a given field might act in a manner some- 
what similar to the average as shown by the average perform- 
ance curve. 

By way of emphasis, it should be recalled that the principal 
purpose of this method is to find a ready and reasonably 
accurate answer to a certain kind of practical question: How 
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0 ———X 14 UNITED GAS RESERVOIRS WITH INITIAL WELL OFEN FLOW 

< CAPACITIES LESS THAN 25,000 MCF PER DAY 

a AVERAGE: 13,450 MCF 

< © 15 UNITED GAS RESERVOIRS WITH INITIAL WELL OPEN FLOW 
Zw CAPACITIES OF 25,000 MCF PER DAY OR MORE. 
-& 20 AVERAGE: 25,638 MCF 
————© MICHIGAN RESERVOIRS - AVERAGE : 5,963 MCF 
ae 
bso 
<z 
Zu 10 
[ K =a 

10 20 30 40 50 60 70 80 90 100 
CUMULATIVE PRODUCTION — PERCENT OF INITIAL RESERVE IN PLACE 
FIG. 12 — TWENTY-NINE RESERVOIRS CONNECTED TO UNITED GAS PIPE LINE CO., GROUPED AS TO 
WELL CAPACITY, AND TEN MICHIGAN RESERVOIRS. 

long will the present contracted reserves of a pipe line system answer which seems reasonable and which is yery easy 
meet the market requirements? In such situations, the pipe to apply. 
line usually gets its gas from an aggregate of supply sources, 
diverse in their location, stage of depletion, permeability, CONCLUSION 


water drive influence, and other characteristics. It seems rea- 
sonable to expect that the aggregate which will produce its 
gas in the future will perform, in the later stages of depletion, 
about the same as the aggregate of 49 depleted or nearly 
depleted reservoirs which the average performance curye 
represents. 


One final comment should be made about the average 
performance curve. In the ordinary availability study in 
which it would be used, the reserves controlled by the pipe 
line might be 15, 20, 25 or more times the present annual 
production. Generally a pipe line is not taking annually 
as much as 15 per cent of its reserves, nor as little as 1 or 
2 per cent. Accordingly, there seem to be practical limits 
to the significant range of the curve, which would be some- 
where below 15 per cent per year and somewhat above 2 
per cent. In other words, most of the situations in which 
the average performance curve might be applied would in- 
volye questions about availability at least 10 years in the 
future, but probably not over 30 years. This fact is important 
if availability methods in general, and this one in particular, 
are to be seen in the proper perspective. There is no method 
for predicting accurately and in detail events which will 
happen 10 or more years in the future. The use of the 


This paper has presented a method of estimating the 
annual expected availability of gas from gas fields before 
and after they have reached their declining years. The method 
is based upon experience in production during the declining 
stages in a total of 49 gas reservoirs. Although there are 
substantial differences in the gas availability as between any 
two separate fields, one of which is on the high and the 
other on the low side of the average, it is nevertheless remark- 
able that the differences are so small between the average of 
groups of reservoirs which differ as to size. depth. geological 
age, geographical location and well capacity. It must be 
emphasized that the method must be applied judiciously: 
but that applies to any other method known to the writers. 
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GAS STORAGE IN THE PLAYA DEL REY OIL FIELD 


JOHN RIEGLE, JR., SOUTHERN CALIFORNIA GAS CO., 


ABSTRACT 


To date, utility company underground storage of gas has 
generally been restricted to depleted dry gas fields. The Playa 
del Rey project is probably the first to successfully store gas 
in a partially depleted oil reservoir with the recovery of 
large volumes of gas at high rates as the main objective. 
Oil recovery has been a secondary consideration. 

Problems encountered unusual to those of storage in a 
dry gas zone were: (1) the removal and retardation of 
formation of emulsion, (2) the upstructure movement of 
fluid during withdrawal periods which formed fluid blocks, 
and (3) reservoir shrinkage resulting from encroachment 
of edgewater. 

The solution of these problems as outlined in the paper has 
resulted in increasing the withdrawal rate from the original 
design capacity of 4,000 Mcf per hour to the current 10,000 
Mcf per hour. Additional increase is anticipated as the 
operations continue. 

Migration, reservoir performance, operational procedure 
and a historical record are included to make this a resume 
of the project from its war-time inception in 1942 to the 


first of 1952. 


INTRODUCTION 


The Playa del Rey underground gas storage project is 
probably the first project in which gas has been stored in 
a partially depleted oil reservoir, with the recovery of large 
volumes of gas at high rates as the main objective and the 
recovery of oil a secondary consideration. Problems unusual 
to those of storage in dry gas zones have made this a 
pioneer endeavor. 

The total storage capacity of approximately 1,500,000 Mct 
of this reservoir is small in comparison with other under- 
eround gas storage projects. However, by study and experi- 
ment the deliverability into transmission lines, operating at 
pressures in excess of 150 Ibs.. has been nearly tripled in 
the past three years, to the current 10,000 Mcf per hour 
rate, without the use of compression. It is anticipated this 
rate will gradually increase as additional fluid is removed from 
the formation. 


LOCATION AND HISTORY 


Playa del Rey is located on Santa Monica Bay about two 
miles south of the beach community of Venice and 15 ses 
Eguthire ast of the center of the City of Los Angeles. Fig. 
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The discovery well was completed at 6,194 ft in 1929, An 
upper zone at 3,905 ft was found on June 18, 1930. Townlot 
development was very rapid and by the end of 1930 there 
were 141 producing wells in the field. 

The Union Oil Co. completed a lower zone well south of 
the Townlot Field in May, 1931, which was believed to be 
an extension, until additional drilling of about 50 wells dur- 
ing 1934 and 1935 indicated this area to be a separate ac- 
cumulation as shown on Fig. 2. 

The lower oil horizon, which is now the storage zone, had 
no original gas cap and is believed to be a continental 
detrital deposit of conglomerate that accumulated in valleys 
and depressions of a weathered schist high, which later sub- 
sided and was overlain by an impervious nodular shale. This 
type of formation has rapid variation of porosity, permeability 
and thickness due to lack of sorting action common to marine 
deposition, and the uneven surface of the original schist high. 
Production was limited on the upstructure sides by the pinch- 
ing out of the conglomerate, and downstructure by edgewater. 

Unrestricted production, together with high permeabilities. 
led to large wastage of gas from this new area as facilities 
were not available for transport of gas to market. The decline 
was very rapid and by 1942 the portion of the new area 
south of Ballona Creek was nearly depleted. 


ACQUISITION OF PROPERTY 


The rapid increase in industrialization of Southern Califor- 
nia during World War II forced upon the local gas com- 
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FIG. 2—LOWER ZONE OF PLAYA DEL REY OIL FIELD SHOWING 
SEPARATION OF STORAGE AREA FROM TOWNLOT FIELD. 


panies a number of unanticipated supply problems. It was 

impossible to build new transmission lines and impractical 

to add sufficient above-ground storage for peak load equation. 

Realizing the gravity of the situation, the California State 
Public Utilities Commission, in conjunction with the Califor- 
nia State Department of Natural Resources, Division of Oil 
and Gas, engaged John F. Dodge and F. C. Hodges to in- 
vestigate the possibilities of underground storage in the Los 
Angeles Basin. 

Their report on the Playa del Rey storage project titled, 
“Special Study S-325” was submitted in July, 1942, with 
the following conclusions covering the Southern portion of 
the lower zone of the Playa del Rey Field. 

1. That there is a critical need in the Los Angeles Basin area 
for additional gas during the winter season, which this 
storage project will in part provide. 

2. That the geological structure of the field and its location 
are suitable for the storage of gas. 

3. That the estimated costs from the operation of such stor- 
age appear to fall within economic limits for peak day 
demand gas. 

4. That due to the necessity of obtaining an immediate uni- 
fied control of the field, it appears necessary that the 
National Government take over possession or control of 
the field and so handle it as to make it immediately avail- 
able as a gas storage project. 

Due to the multiplicity of mineral and fee ownerships, to- 
gether with royalty interests, it would have taken a very long 
time to obtain this zone by purchase. 

The Defense Plant Corporation of the Federal Government. 
in the furtherance of the national war effort and acting upon 
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the recommendations of the Army, the War Production Board, 
and the Petroleum Administrator for War, condemned ap- 
proximately 240 acres of this structure, taking possession on 
Sept. 29, 1942, and transferred them to the Reconstruction 
Finance Corporation July 1, 1945. 

The entire southern structure was not acquired because it 
was believed that an effective water barrier, caused by de- 
pletion shrinkage of the reservoir, separated the southern 240 
acres from the 70-acre productive area of the Union Oil Co. 
del Rey lease located north of Ballona Creek. As will be 
shown later, the water barrier did not prove to be effective. 

The area acquired by the Defense Plant Corp. is shown on 
Fig. 3, which also presents California State Division of Oil 
and Gas F. C. Hodges’ interpretation of the isopachs of the 
productive conglomerate as of May, 1945. The isopachs are a 
revision of the original concept before injection. 

Structurally high wells, Vidor Nos. 9, 10 and 13, located 
at the base of the bluff, were selected for pilot storage oper- 
ations. Bottomhole pressure runs showed them to have prac- 
tically no fluid present and surface pressures ranged from 
zero to 20 lbs, reflecting the completeness of depletion in this 
portion of the reservoir. 


PILOT OPERATIONS, COMPRESSOR AND 
PIPELINE INSTALLATIONS 


Using small portable equipment, pilot injection operations 
were started Oct. 12, 1942, and during the month a maximum 
volume of 4,151 Mcf daily was injected into the three wells 
with 162 lbs pressure. The pilot plant operation was continued 
over portions of seven months and demonstrated that a rel. 
atively high injection rate was feasible. 
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FIG. 4—PLAYA DEL REY STORAGE. DIAGRAM OF TRAP BATTERY, 
WITHDRAWAL AND CLEANING MANIFOLDS. 


A 1,600 hp compressor plant, designed to compress 15,000 
Mcf daily to 1,500 psi, was then built. Selected wells were 
tubed, and high pressure christmas trees installed. An injec- 
tion and gathering system, consisting of about 3,000 ft of 
4-in., 6-in., and 8-in. pipe was installed, together with a 
central battery of three traps, and the project was placed 
in operation June 11, 1943. 

No new wells have been drilled for storage purposes. Eight 
existing wells were originally connected to the injection 
system, but it has gradually been expanded to nine more. 
One well was eliminated the first year when it proved to have 
low permeability. 

The original field pipeline system was designed for 4,000 
Mcé per hour rate of withdrawal, whereas the current system 
capacity is 10,000 Mcf per hour. To permit this increase, the 
original piping installation was replaced in 1950 and 1951 
with about 9,500 ft of 4-in. to 10-in. pipe and the number 
of traps increased to 11. Distribution system demands normally 
limit withdrawal periods to ten to twelve hours per day. 

This increased withdrawal capacity required higher injec- 
tion rates to maintain reservoir pressure during the winter 
period. The compressor capacity was increased by steps to 
the current total of 3,400 hp with a 33,000 Mcf daily capacity 
at 1,500 psi discharge pressure. 

Because of the comparatively limited storage capacity, the 
favorable location near the load center, and the operating 
characteristics of the over-all gas pipeline system, experience 
has shown that this storage reservoir is most valuable for 
weekly or even daily, rather than for seasonal, equation of 
loads. 

On this basis, it is hoped to increase gradually the in- 
stalled compressor capacity to bring the rate of injection 
up to at least 50 per cent of the maximum withdrawal rate. 

The working storage capacity of this project, within the 
desired pressure range of 700 to 1,150 psi shut-in pressure 
on an unequalized basis, is calculated to be about 700,000 
Mcef. This volume permits daily peak load equalization dur- 
ing the winter season and is a substantial emergency reserve in 
case of an outage in any of the main transmission lines leading 
into Los Angeles. The project’s location permits its use for 
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quick pressure reinforcement for short periods in the metro- 
politan area that could otherwise be obtained only by above- 
ground storage. It is the equivalent of seventy 10,000 Mcf 
holders, with the additional advantage that no compression 
is required to deliver the gas into the transmission lines. 


MIGRATION OF GAS 


Migration of gas to the north and west was an unexpected 
development during the second season of operations. The 
belief that several wet wells between these two areas indi- 
cated conditions precluding migration was further strength- 
ened by pressure surveys taken previous to injection. Union’s 
del Rey lease wells had bottomhole pressures of about 400 
psi whereas the storage area Vidor lease wells, some of which 
had been idle for over two years, had little or no fluid present 
and only about 60 psi bottomhole pressure. 

This indicated there had been no movement downstructure 
of either fluid or gas, with a pressure differential of about 
340 psi during the period the Vidor wells were idle, although 
the distance was only 2,000 ft. 

It was found, however, that migration occurred when the 
pressure in the storage area was raised to approximately 700 
psi or above. In other words, a differential of about 300 psi 
gas pressure produced a movement of gas through the forma- 
tion but a mixture of fluid and gas would not move at a 
slightly higher differential. This apparently anomalous be- 
havior is attributable to the mobility difference as between 
the native reservoir fluids and the injected gas. 

The migration in the direction of the Union Oil del Rey 
lease is similar to the action of a check valve in that a reversal 
of the differential in pressures does not produce a return flow. 
The rate of movement is not rapid, as indicated by the time 
lag, the peak pressures for the two areas vary from one to 
three months, depending upon the rate of injection. The pres- 
sure conditions prevailing in the two areas and illustrating 
the time lag in maximum and minimum pressures is shown 
on Graph No. 1. 

It is estimated that approximately 27 per cent of the injec- 
tion gas migrated to these Union Oil properties. Loss is held 
to a minimum by the return to the gas company, at low 
pressure, of this gas as it is produced by the Union Oil Co. 
from the two leases. Determination of migration volumes is 
based upon excess gas produced above the normal gas-oil 
ratios of the wells. 


OPERATING PROBLEMS 


The three major problems encountered which affected the 
deliverability of the withdrawal wells and the storage capacity 
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of the zone were: the formation of an emulsion during with- 
drawal periods, the entrapment of gas by fluid blocks, and 
the gradual shrinkage of the reservoir by low head edgewater 
encroachment. 

Withdrawal of gas from this field is always accompanied 
by the production of small volumes of fluid, consisting mainly 
of salt water, but having as high as 10 per cent of 18° to 21° 
oul. At high rates little emulsion is formed but at low rates 
the formation of emulsion has been so general that it caused 
serious difficulties. 

This emulsion is the water-in-oil type, which is the most 
dificult to break down, has a high surface tension, and at 
bottomhole temperatures of 235° F is quite fluid but upon 
cooling to atmospheric is nearly solid. Blown to air from a 
drip it has an angle of repose of over 30°. A sample collected 
in a jar would not pour after cooling and showed no alteration 
during two months’ exposure to air. 


Under the original operational procedure the same wells: 


were used for both the injection and withdrawal of gas. The 
first problems occurred when the emulsion so effectively sealed 
the sand face of some wells that it was impossible to inject 
gas at pressures of over 1,400 psi, which was a differential of 
600 psi above the formation pressure, even though this pressure 
was maintained for several days. 

The emulsion was analyzed and after considerable experi- 
mentation with various solvents and compounds, removal or 
breaking down was accomplished by the introduction into 
the well of three to five bbl of a solvent composed of carbon 
tetrachloride in a carrying base of kerosene “bottoms.” Carbon 
tetrachloride was used because, besides being an excellent 
solvent, its high specific gravity caused the mixture to sink 
below any salt water and thus come in direct contact with 
the sealed formation. 

The mixture was allowed to stand three to five days, and 
then removed by blowing the well to air. This rapid removal 
was expected to reduce additional emulsion formation to a 
minimum. 

To expedite cleaning operations, the field pipelines, which 
served for both injection and withdrawal were paralleled with 
a 2¥-in. pipeline system which can be used either for gas 
lift operations to remove fluid by compressor plant pressure, 
or for injection of solvent by the use of a Triplex pump. The 
2%-in. line also can be used for blowing operations on any 
well without interfering with either storage or withdrawal 
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in other wells. These lines were replaced with 3-in. when the 
piping system was enlarged. 

The gas withdrawn from the wells passes through a battery 
of traps to remove the fluid, and then through cooling coils 
to remove gasoline and water vapor, before entering the gas 
transmission lines. Withdrawal gas is not compressed. 

The second problem occurred during a cold winter morning 
in 1946 when the fluid discharge lines from the traps became 
plugged by the viscous emulsion that was practically immobile 
at near freezing temperatures. The emulsion reached the cool- 
ing coils, necessitating the shutting-in of the field. 

After extensive cleaning operations accomplished by cir- 
culation of a mixture of hot salt water and a dehydration 
chemical, the trap set-up was altered by increasing the size 
of the fluid discharge valves, connections were installed to 
introduce hot salt water into each trap and to inject the 
dehydration chemical into the gas stream on the upstream side 
of the trap battery. These alterations proved to be very effective 
in eliminating this trouble. 

A third but minor problem resulting from emulsion was 
the plugging of tubing in weak wells which were allowed to 
“float” on the line during withdrawal periods. It was assumed 
that as the emulsion came up the tubing at a slow rate due 
to the low rate of gas flow, it cooled and moved even more 
slowly. The gas apparently desiccated these small volumes 
of emulsion with the result that a tar-like plug showing growth 
rings formed, finally completely plugging the tubing. 

These plugs are readily dissolved by solvent and their com- 
position, as determined by analysis of a sample recovered 
by blowing is: 


Solids (minute particles 
Of 41.7 per cent 
Water 6.1 per cent 
‘Lotal: 100.0 per cent 


The high percentage of solids is reflected in the fluids 
recovered by the traps where over 1 per cent are basic 
sediments. 

Fluid blocks reduced the productivity or effectively sealed 
off some withdrawal wells while adjacent wells continued to 
produce. The loss of deliverability often occurred after short 
periods of high rate withdrawal and necessitated injection 
to break a channel through the fluid and thus restore the well 
to normal production. Some wells required solvent treatment 
for removal of emulsion causing additional loss of productive 
time. 
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Injection in the fall, in preparation for the winter season, 
continues over a period of two to three months at rates 
limited by compressor capacity. After the desired volume has 
been stored there is often a period of either no operations 
or one where injection balances withdrawal. Thus, the reser- 
voir is gradually repressured, with the gas diffusing through- 
out the entire reservoir at a slow but steady rate. 

The withdrawal, tailored to meet the transmission system 
requirements, is intermittent and at rates much higher than 
the injection. 

The effect of these operations over a span of years has 
been to reduce rapidly formation pressures in the vicinity 
of the withdrawal wells during withdrawal periods, which in 
turn forced fluids progressively upstructure. By 1949, this 
movement seriously impaired the deliverability of the with- 
drawal wells due to the large volumes of fluid produced with 
the gas. 

The combination of lost time caused by emulsion removal 
and loss of deliverability caused by fluid blocks and fluid 
production seriously decreased the effectiveness of this project 
both from peak load equating and emergency standby view- 
points. 

As previously stated, the injection and withdrawal had been 
from the same group of wells. These operations were revised 
about two years ago to permit injection only in upstructure 
wells; with withdrawal starting in downstructure withdrawal 
wells and proceeding upstructure only as far as necessary 
to obtain the desired rate. 

Under these procedures, formation of fluid blocks has been 
avoided. Large volumes of fluid have been removed by the 
downstructure movement of injected gas, which tended to 
clean the zone, and there has been very little formation of 
emulsion in sufficient quantities to require solvent treatment 
in the upstructure injection wells. This practice has resulted 
in the nearly tripling of the withdrawal capacity of the reser- 
voir. Additional increases are anticipated with time as the 
sweeping action continues and the downstructure wells con- 
tinue to improve their deliverability. 

Slowly advancing edgewater from the east or northeast 
caused some shrinkage of the reservoir and added to the 
fluid production problems of the injection wells. In less than 
seven years there was a rise of from 1,000 ft to 3,000 ft in 
the fluid level of four edge wells, three located on the eastern 
edge of the injection area and one near the eastern gas-oil 
interface. Two of these wells, Vidor Nos. 11 and 12, had 
been used as withdrawal wells during periods of “high.” or 
above 1,000 psi, reservoir pressure, but weakened with the 
approach of edgewater and were dead for approximately four 
years. Injection wells Vidor Nos. 7 and 9, directly west of 
Vidor No. 12 had constant emulsion and fluid block difficulties 
but the source of these troubles was confused with the up- 
structure movement of fluid until the dewatering of the edge 
wells provided the clues to the trouble. 

Pumping units were installed on the previously mentioned 
four wells during the period of April to November, 1950. By 
the end of 1951, 15,719 bbl of oil and 305,727 bbls of 
water had been recovered. Wells Vidor Nos. 11 and 12 cleaned 
up sufficiently for the gas to break through and are now 
ready to be connected to the withdrawal system. Storage 
wells Vidor Nos. 9 and 7 returned unassisted to original 
normal performance pattern last summer and have since 
shown no sign of fluid interference. 


OPERATING PROCEDURE 
The present operating schedule, based upon past experience 
and tailored to reduce the volume of migration to a minimum, 
is to start injection at maximum rates late in the fall so that 
a minimum of 1,100 psi surface pressure is reached about 
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the first of November. Gas is then withdrawn as needed for 


the usual morning and evening peak loads with injection dur- 
ing the nights and weekends of sufficient volumes to maintain 
the pressure above 1,000 psi. With migration tending to reduce 
pressures during static periods, it is necessary to inject larger 
volumes than those withdrawn during this interval to maintain 
the formation pressure. With the easing of the gas load in 
spring, injection is stopped and pressures are gradually re- 
duced by withdrawals so that by about April the minimum 
pressure of 700 psi is reached. At this point there is no 
migration and no pressure decline so operations are dis- 
continued until the start of the next cycle. 

The pumping oil wells that are shutdown as their gas-oil 
ratios increase along with the injection in the fall are re- 
turned to production as the pressure decreases in the spring. 
It is anticipated that these wells will also “clean-up” with 
the continued removal of fluid and eventually become with- 
drawal wells. 


RESERVOIR PERFORMANCE 


The pressure-volume behavior of the reservoir has been 
followed on two bases: first, that of the reservoir as a whole. 
which includes all the migration area, and, secondly, that of 
the area inside the limits of the Reconstruction Finance 
Corporation property from which the high pressure with- 
drawals are made. 

The Union Oil Co, which acts as operator of the property 
for Reconstruction Finance Corporation has prepared graphs 
on the over-all reservoir basis exclusive of the gas cap on 
the Union del Rey lease. E. C. Babson and L. S. Kelsey of 
the Union Oil Co. presented a paper on this subject before 
the American Petroleum Institute in 1946 and a report by 
E. L. Forte of the same company, but unpublished, was pre- 
pared in June of 1950. The latter report covers seven injection 
and withdrawal cycles, all falling within the same “Hysteresis 
Loop” pattern. Bottomhole pressures are based upon mid-point 
of perforations throughout the reservoir. Mr. Forte concludes 
that the effective storage capacity of the reservoir as a whole 
is about 3,000 Mcf per psi pressure rise. 

Volume-pressure relationship graphs restricted to Recon- 
struction Finance Corp. property were prepared by the South- 
ern California Gas Co. as an operational guide and as a 
check upon the rate and magnitude of migration. Three 
centrally located wells, Nos. F-1, L-1, and L-4 were selected 
as key wells for pressure determinations and their surface 
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Table 1— Storage and Withdrawal Statistics 
All Volumes Mcf at 14.73 psia Pressure Base 
Union Oil Total Recovered 
High Low Pressure R.F-.C, Oil Vidor & Del by Gas Company- ’ 
Pressure Field WellGas Rey Migrated Total Zone Withdrawal and Direct 
Year Injected Withdrawal Withdrawal ‘Production Production Recovery (B) Return (B) Loss (B) 
Line 1 v 3 4 5 6 (2/3/4/5) 7 8 (6/7) 
1942 70,262 0 0 2 0 5272 0 
1943 1,660,705 122,542 0 224,724 25,193 372,459 122,542 249,917 
1944, 1,901,338 995,031 0 207,699 225,695 1,428,425 1,038,020 390,405 
1945 2,182,987 965,319 0 206,768 500,378 1,672,465 1,819,768 (147,303) (C) 
1946 DPD TPs 1,076,399 0 170,340 891,077 2,137,816 2,033,849 103,967 
1947 1,492,610 565,780 0 3202 895,807 1,574,799 1,484,879 89,920 
1948 1,564,949 722,933 0 72,169 550,797 1,345,899 1,271,547 74,352 
1949 2,200,210 989,882 77 57,146 752,621 1,799,726 1,729,983 69,743 
1950 2,229,946 1,039,897 328,474 110,819 DUGZa9 2,056,423 1,973,975 82,448 
1951 2,794,477 489,331 1,794,674(A) 169,232 502,098 2,955,335 2,841,026 114,309 
Total 18,370,186 6,967,114 2123;225 1,383,381 4,920,899 15,394,619 14,315,589 1,079,030 
% of 
Injection 100.0 37.92 11.56 (G35: 26.79 83.80 77.93 5.87 


Remaining in storage and/or unaccounted for is 2,975,567 or 16.20%. 
(A) Includes 1,773,943 Mcf high pressure gas produced from Treasure No. 8 for oil production, and during Helium and pres- 


sure tests, 1,091,273 Mcf being reinjected. 
(B) Exclusive of volumes in storage. 


(C) Gain caused by adjustments for return of migrated gas produced during previous two years. 


shut-in pressures, corrected to bottomhole pressures, at 5,900 
ft subsea level, were plotted against the calculated volumes 
remaining on the Reconstruction Finance Corporation prop- 
erty. Similar to the Union Oil Company graph the “Hysteresis 
Loop” pattern is repeated continuously indicating a close ap- 
proximation of both actual storage and migration volumes. 
These graphs are Nos. 2, 3, and 4. 

Between the experimental pilot injection operations and the 
start of large scale injection, the volume of gas produced by 
pumping oil wells exceeded the volume stored. The difference 
is represented by a negative value on Graph No. 2. . 

Both sets of graphs demonstrate that the reservoir behaves 
like a closed container throughout the present pressure range 
and is similar to the majority of dry gas storage projects. 


STORAGE STATISTICS 


Table 1 presents the storage, withdrawal and migration 
volumes by years. 

The overall efficiency of this structure, taking into account 
the volumes remaining in storage as of Jan. 1, 1952, has 
been over 85 per cent. Portions of the recovered gas are 
used for field fuel, for oil production and plant fuel, and 
shrinkage accompanying gasoline recovery from oil well and 
migrated gases with the result that the physical recovery 
by the gas company is reduced, on the same overall basis, 
to over 80 per cent. 

This migration represents a loss of horsepower as the re- 
covery is all at low pressures. A large portion of this gas could 
be recovered at high pressures if the entire structure could 
be unitized or controlled by one operator. 

The low percentage of injected gas withdrawn at high 
pressure is attributable first, to migration normal to periods 
of high pressures; second, to the operating practice of re- 
stricting high pressure withdrawals to peak load equation of 
short daily periods instead of continued withdrawal over a 
long period; and, third, to the maintenance of high pressures 
throughout the winter season as an emergency stand-by against 
any main transmission pipeline interruption. 

The direct loss of 5.9 per cent is considered quite low 
and it is estimated that the over-all losses, including “cushion,” 
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fluid replacement, and entrapped gas, is currently about 
16 per cent. 

Either of these losses is quite small when weighted against 
an estimated total deliverability of 700,000 Mcf in an emer- 
gency or a 10,000 Mcf per hour reinforcement, especially 
when the gas is stored right in your own backyard. 
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VOLUMETRIC EFFICIENCY OF SUCKER ROD PUMPS 
WHEN PUMPING GAS-OIL MIXTURES 


C. A. CONNALLY, C. R. SANDBERG, MEMBER AIME, AND N. STEIN, MAGNOLIA PETROLEUM CO. FIELD 
RESEARCH LABORATORIES, DALLAS, TEXAS 


ABSTRACT 


This paper describes the results of volumetric efficiency 
tests on oil well pumps handling gas oil mixtures. The work 
was performed in a large scale, above ground unit wherein 
test conditions could be accurately controlled and measured. 

The main variables studied were gas/oil ratio (including 
gas from solution and free gas mixed with oil), pump com- 
pression ratio, pump stroke length, pump speed, and clear- 
ance volume between the valves at their closest approach. 
Results are presented for two different pumps and for oils 
of two viscosities. 

Relatively small amounts of gas entering the pump re- 
sulted in large decreases in volumetric efficiency. Under 
conditions where the pump was operating at reduced efh- 
ciency because of the presence of gas, it was found that varia- 
tion in the clearance volume between the standing and travel- 
ing valves had a considerable effect on pump efficiency level. 
This effect of the valve clearance volume was found to be 
significantly altered by the viscosity of the oil used in the 
tests. The effects on pump efficiency of the other variables 
studied were found to be relatively small over the range of 
conditions utilized. 


INTRODUCTION 


The production of oil by pumping is often hampered by 
low volumetric efficiency. A direct increase in lifting costs 
results from low volumetric efficiency. An indirect increase 
in lifting costs, probably greater than the direct increase, 
results from additional wear and tear on pumping equip- 
ment and from the down-time necessary for the repairs which 
can be traced to low-efficiency operation. Both increases in 
lifting costs tend to reduce economically recoverable oil. 

A number of different factors can contribute to low pump 
efficiency. A known basic cause of low efficiency is the pres- 
ence of free gas in the pumped fluid. Pump volumetric efh- 
ciency is calculated only on the basis of liquid pumped and 
because any free gas pumped is discounted, this volume of 
free gas would represent a loss of pump efficiency. However, 
gas also causes a reduction in pump efficiency because it is 
a highly compressible fluid. It is known that pumps some- 
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times “gas lock” because of excessive gas-to-liquid ratios in 
the pump barrel. Little is known of the role of gas com- 
pressibility in the intermediate case where the pump is oper- 
ating at low efficiency. The opinion exists, however, that oil- 
well pumps tend to operate at higher efficiency with long 
stroke lengths at low speeds, but no quantitative studies 
of these pumping variables have been reported. 

It was believed that a much better understanding of the 
variables which control pump volumetric efficiency could 
be obtained and that possibly some suggestions as to the 
methods for increasing efficiency might be found from a 
study of the operation of pumps handling gas under closely 
controlled conditions. Previous investigators’”*® have studied 
the effects on pump efficiency of such factors as oil viscosity, 
oil temperature, slippage of oil, past pump plungers, pump 
submergence, valve size and spacing, pressure above pump 
plunger and fluid vapor pressure. However, none of these 
published investigations were conducted with pumps being 
subjected to large amounts of gas such as might be the case 
in a pumping well, nor did any of the investigations study 
the effect of variation in stroke length or pump speed. A large- 
scale test unit was therefore constructed for studying the 
operation of pumps handling gas and for evaluating effects 
of such variables as pump stroke length and pump speed. 


PROCEDURE AND EQUIPMENT 


A schematic diagram of the pump testing equipment is 
given in Fig. 1. A 45-ft length of 6-in. casing is mounted 
vertically in a 65-ft tower. Sight ports are mounted in the 
casing at intervals near the location of the pump _ intake 
and the liquid level in the casing. These sight ports are 
fitted with Lucite windows sealed by neoprene “O” rings. The 
Lucite windows are machined to conform to the I.D. of the 
casing so that no obstruction to flow is present along the 
casing wall. The casing is fitted with a tubing head and 
2-in. tubing is hung inside the casing. Pumps are seated in 
a shoe attached to the 2-in. tubing. A 1%-in. polish rod is 
attached directly to the pump without any intervening sucker 
rods. The top of the polish rod is attached to the weight 


carrier, which contains a number of weights to be used to 
force the polish rod in against tubing pressure on the down- 
stroke. This is necessary because a long string of sucker 
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rods, such as would be present in a field installation, is not 
utilized in this experimental set-up. 

A small pumping unit is driven by a 10 hp motor operat- 
ing through a variable speed drive. The pump stroke length 
is adjusted with a pulley system wherein the pumping unit 
is attached by a cable to a pulley and operates the pulley 
through a reciprocating arc. On the same shaft as the pulley 
cperated by the pumping unit is another pulley attached by 
a cable to the weights above the polish rod. This cable oper- 
ates over an overhead pulley. The length of the stroke ob- 
tained with the polish rod depends upon the relationship of 
the size of the pulley operated by the pumping unit to the 
size of the other pulley on the same shaft which operates the 
polish rod. By using different pulley ratios and by adjust- 
ments on the pumping unit, pump stroke lengths of from 
17 to 72 in. can be obtained. The variable speed drive 
of the pumping unit can be adjusted from 6 spm to 20 spm. 
All of the pump actuating equipment is located on the top 
platform of the tower. 

Oil feed to the columns is obtained from two 250-gal. 
feed tanks. These tanks are equipped with mixers which 
can be used to agitate the oil and aid in saturating the oil 
with gas. A small centrifugal pump is located near the feed 
tanks and is used to charge the tanks from barrels. Oil is 
forced from the feed tanks to the casing by means of gas 
pressure on the oil in the tanks. The oil enters the bottom 
of the casing through a control valve which is controlled 
by the oil level in the casing, thus permitting oil to enter 
the casing as needed to maintain this level. 

Free gas can be introduced through an orifice meter into 
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the bottom of the casing. Gas not entering the pump can 
leave the casing by the casing head gas line, then passing 
through a small knock-out tank for removing any entrained 
liquids, a back pressure control valve used to maintain a con- 
stant casing pressure, and through an orifice meter to the 
flare line header. 

Oil and gas entering the pump are removed from the 
casing by means of the pump. The gas-oil mixture can flow 
up the tubing and out past a surge-tank system, which damps 
the pressure fluctuations caused by the reciprocating action 
of the pump. The gas-oil mixture can then flow through a 
back-pressure control valve which acts to maintain the con- 
stant tubing head pressure. From there the fluid passes through 
a gas-oil separator and into a stock tank. 

Gas from the gas-oil separator passes through an orifice 
meter and into the flare line header. Gas from the stock 
tank passes through a bellows type gas meter and_ into 
the flare line header. The stock tank and the feed tanks 
are equipped with calibrated liquid-level gauges and the 
measured liquid levels are used to determine the rate of 
oil flow and to calculate material balances on the flow sys- 
tem. All free gas entering and leaving the system is metered. 

Thermocouples are placed in the feed tanks, the collecting 
tank, gas-oil separator, at points near all of the meters, and 
at points along the casing to obtain temperature readings. 

In tests involving the use of saturated oil, samples of oil 


are flashed from the feed tanks and the atmospheric gas/oil 


ratio is measured on these samples. Samples of the saturated 


oil in the casing are also flashed to atmospheric pressure and 


the gas/oil ratio obtained. This information is used in cal- 
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culating the amount of gas released from solution in the 
casing. 

Two oils were used in these tests: Gargoyle DTE “light” 
and “heavy.” Both are highly refined mineral oils. The DTE 
light oil has a viscosity of 25 cp and a gravity of 32° API 
at the average conditions of the tests. DTE heavy oil has a vis- 
cosity of 130 cp and an API gravity of 31° under the average 
conditions of the tests. DTE light oil was used in all tests 
where the type of oil is not specifically noted. Gas used in 
all of the tests was natural gas from the plant’s supply lines, 
having a specific gravity of 0.57 ,referred to air), and con- 
taining approximately 97 per cent methane. 

Two different pumps were tested. One is a 2-in. x 34-in. 
rod insert pump, with bottom hold down. The other is a 
2-in. x 1-1/16-in. rod insert pump also with bottom hold 
down. In the first pump the traveling valve is located near 
the top of the plunger; in the second, the traveling valve is 
located near the bottom of the plunger and the clearance 
between the traveling valve and stationary valve is adjustable. 

Pump volumetric efficiency in per cent was calculated by 
dividing the volume of oil pumped by the displacement vol- 
ume of the plunger for the given stroke length, and mul- 
tiplying the result by 100. 

Pump clearance volume, as used in this discussion, is de- 
fined as the undisplaced volume remaining in the pump barrel 
between the standing and traveling valves at the point of 
their closest approach. Pump clearance ratio is defined as 
the pump clearance volume divided by the volume displaced 
in the pump barrel by the pump plunger in one stroke. 


EFFECTS OF GAS ON PUMP VOLUMETRIC 
EFFICIENCY 
A. 3%4-in. Pump 


1. Free Gas 


Dead oil (containing no solution gas) was fed to the 
bottom of the casing, being maintained at atmospheric pres- 
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FIG. 3 — EFFECT OF GAS-OIL RATiO AT PUMP INTAKE CONDITIONS 
ON PUMP VOLUMETRIC EFFICIENCY. 


sure, along with varying amounts of free gas to obtain a 
variation in gas/oil ratio at pump intake conditions. The 
°4-in. pump was used to pump the oil from the casing; a 
stroke length of 61° in. and stroke speed of 11 spm were 
used. This provides a pumping rate of 39 B/D at 100 per 
cent efficiency. The tubing pressure was maintained at 200 
psig, which represents approximately the pressure at the 
pump exit. Results of these tests are shown in Curve I of 
Fig. 2. There is a sharp decrease in pump volumetric efficiency 
as the gas/oil ratio is increased. 


2. Gas from Solution 


Another series of tests was made with the %4-in. pump 
operating at the same conditions as above with the exception 
that oil saturated with gas to 120 psig was used and no 
free gas was fed to the casing. The casing pressure was 
maintained at pressures ranging from 20 psig to 80 psig, 
which permitted varying amounts of gas to be released from 
solution in the 120 psig saturated oil. Curve II of Fig. 2 
shows the results of these tests. It is again seen that the 
pump volumetric efficiency drops sharply with the increase 
in gas/oil ratio at pump intake conditions. However, it may 
be noted that under these conditions the average level 
of efficiency is considerably less at a given gas/oil ratio 
than for the previous experiment with free gas. It was seen, 
through the observation ports, that gas from solution re- 


TABLE 1—Conditions for Tests of the Effects of 
Pump Speed, Stroke Length, Valve Actions Per Barrel 
Per Day Displacement and Clearance Ratio on Pump 
Volumetric Efficiency. 


Test Conditions DTE Light Oil DTE Heavy Oil 


Oil Saturation Pressure... 200 psig psig 
@acin DOU 60 psig 
Tubing Pressure 200 psig 200 psig 


Average Gas/Oil Ratio (At Pump In-Take 
Pressure) Actually Pumped 2.41 cu ft/bbl 
1-1/16 in. 


2.88 cu ft/bbl 
]-1/16 in. 
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mained in the form of small bubbles and a large proportion 
of this gas appeared to be entrained in the oil entering 
the pump than in the case where free gas was added directly 
to dead oil. Free gas added to dead oil formed large bubbles 
which had a tendency to rise past the pump intake. 


B. 1-1/16-in Pump 
1. Free Gas 


The above experiments were repeated with the 1-1/16-in. 
pump, which displaces 88 B/D at a stroke length of 61 in. and 
a speed of 11 spm when operating at 100 per cent efficiency. 
Results of tests with this pump were similar to those with 
the 34-in. pump and are shown in Fig. 3. 

It should be kept in mind that the gas/oil ratios listed for 
pump intake conditions would represent, in most instances, 
a much higher produced gas/oil ratio when compared to 
field conditions. This higher gas/oil ratio would result both 
from the expansion of gas from bottom-hole conditions to 
atmospheric temperature and pressure and from the release 
of solution gas. 


INFLUENCE OF PUMPING VARIABLES ON 
PUMP VOLUMETRIC EFFICIENCY 


A. Pump Compression Ratio 


A mixture of free gas and dead oil at a ratio of approxi- 
mately 15 cu ft per bbl was fed to the bottom of the casing 
which was maintained at 0 psig pressure. A 34-in. pump was 
used to pump fluid from the casing and was operated at a 
rate of 11 spm and a stroke length of 61 in. Tubing pressure 
was varied to obtain a variation in pump exit pressure. Fig. 4 
shows the results of these tests, with pump volumetric efh- 
ciency plotted against pump compression ratio (the ratio of 
the pump exit pressure to the pump inlet pressure). It is 
seen that there is a slight decrease in pump volumetric 
efficiency with an increase in the compression ratio from 
about 4 to about 25. The average gas/oil ratio of the fluid 
actually pumped was approximately 3.2 cu ft per bbl at 
pump intake conditions. This would represent a maximum 
possible pump efficiency of 64 per cent because that is the 
percentage of oil in the gas-oil mixture in the pump. The 
maximum observed efficiency was very close to this value. 
It is somewhat surprising that an increase in compression 
ratio did not have a greater tendency to reduce the pump 
efficiency. Apparently the gas-oil mixture in the pump did not 
reach phase equilibrium during the expansion of the com- 
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pression strokes. This non-equilibrium allowed intake and 
exhaust pressures to be reached quickly during the upstroke 
and downstroke and helped to maintain pump efficiency. 


B. Pump Speed 


The 1-1/16-in. pump was utilized in a series of tests to 
determine the effect of pump speed on volumetric efficiency. 
A stroke length of 6034-in. was used. Other conditions for 
the test are shown in Table 1. 

Two series of experiments were made, one utilizing DTE 
light and the other utilizing the DTE heavy oil. Results of 
the tests are shown in Fig. 5. 

The results may be explained on the basis of two effects 
which might be obtained with a change of pump speed. One 
effect is more pronounced in tests with the DTE light oil where 
the pump efficiency increased somewhat with the pump speed. 
Apparently this behavior results from the fact that at higher 
speeds gas does not go into solution in the oil on the com- 
pression stroke to as great an extent as at lower speeds 
and that pressure in the pump barrel is built up faster, thus 
allowing better efficiency to be obtained. The other effect of 
pump speed is more pronounced with the DTE heavy oil. 
With this oil the efficiency decreases very slightly with an 
increase in pump speed. It is probable that this decrease 
occurs because of the increased pressure drop releasing 
additional solution gas as the viscous oil flows through the 
intake valve of the pump at higher flow rates. 


C. Pump Stroke Length 


The 1-1/16-in. pump was utilized in another series of 
tests under conditions listed in Table 1. In these tests the 
speed of the pump was kept constant at 10 spm and pump 
stroke length was varied. Results are shown in Fig. 6. 
Changes in pump stroke length had very little effect on 
the efficiency of the pump. In these tests the clearance vol- 
ume between the standing and the traveling valves was 
adjusted for each change in stroke length to keep the 
ratio of pump clearance volume to pump displacement volume 
per stroke constant. In an actual field installation changes 
in the pump stroke lengths would not usually be accompanied 
by changes in the clearance volume between valves, and 
thus a change would be abtained in the clearance ratio. 
The effect of changes in clearance ratio on pump volumetric 
efficiency will be described later. 


90 T T T 
> I-OTE LIGHT OIL 
II-OTE HEAVY OIL 
70 
oO 
Gul 
sa 60 
=) 
° 
> 
= 
=) 
a 
40 


8 10 12 14 16 18 20 
PUMP SPEED-SPM 


FIG. 5 — EFFECT OF PUMP SPEED ON PUMP VOLUMETRIC EFFICIENCY. | 


Vol. 198, 1953 


C. A. CONNALLY, C. R. SANDBERG AND N. STEIN 


90 
~ I-DTE LIGHT OIL 
80 HEAVY OIL 
rs) 
70 
oO 
> 50 
a 
= 
a 

40 

20 30 40 50 


PUMP STROKE LENGTH-INCHES 
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EFFICIENCY. 


D. Combination of Pump Stroke Length and Speed 


In most instances where a pump is utilized for field pro- 
duction work a particular displacement rate is desired. In 
such cases, if pump stroke lengths are changed, a corre- 
sponding change is made in pump speed in order to obtain 
the approximate displacement rate desired. Therefore, tests 
were made with the 1-1/16-in. pump under conditions listed 
in Table 1 wherein the displacement rate was kept constant 
at 52B/D while stroke length and speed were changed. The 
effect of these changes is to vary the number of valve actions 
per displacement rate. For a short stroke length and a high 
speed, more valve actions are required to displace a given 
quantity of fluid than for a long stroke at a slow speed. 
Fig. 7 shows the effect of changing the number of valve 
actions per displacement rate on pump efficiency. It is seen 
that there is a slight increase in pump efficiency with 
increase in number of valve actions when utilizing the light 
oil, whereas there is a slight decrease when utilizing a more 
viscous oil. These changes are evident in the previously 
noted ehanges in efficiency of the pump when pump speed 
is changed. 


E. Pump Clearance Ratio 


The 1-1/16-in. pump was utilized to pump saturated oil 
under conditions listed in Table ] with the pump speed held 
constant at 20 spm and pump stroke length held constant 
at 2014-in. The clearance between the traveling valve and 
the standing valve was varied in order to obtain a variation 
in the ratio of the clearance volume between the standing 
and traveling valves to the volume swept out by the pump 
plunger. 

The effect of the variation in this clearance ratio on pump 
volumetric efficiency is shown in Fig. 8. There is a sig- 
nificant decrease in pump efficiency with increased clearance 
ratio for both the 25 cp oil and 130 cp oil. The rate of 
decrease in volumetric efficiency with increase in clearance 
ratio is greater with the more viscous oil and apparently 
the main reason for this occurrence is that a larger gas/oil 
ratio is obtained in the pump with the more viscous oil. 
Although the gas/oil ratio present in the casing is approxi- 
mately the same for tests with both oils, the more viscous oil 
has a greater tendency to drag small gas bubbles into the pump 
and therefore a larger gas/oil ratio is obtained in the pump. 
For the average gas/oil ratios pumped, the theoretical maxi- 
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FIG. 7— EFFECT OF NUMBER OF VALVE ACTIONS PER DISPLACE- 
MENT RATE ON PUMP VOLUMETRIC EFFICIENCY. 


mum efficiency with the DTE light oil would be approximately 
70 per cent and with the DTE heavy oil would be approxi- 
mately 66 per cent. It is seen that as the clearance ratio 
approaches zero the pump efficiencies approach these theo- 
retical maximum values. 


CONCLUSIONS 


The basic cause of low volumetric efficiency of an oil 
well pump, in good mechanical condition, is the presence 
of free gas (in either small or large bubbles) in the pumped 
fluid. Gas is effective in lowering efficiency for two reasons, 
(1) because pump volumetric efficiency is based only on 
liquid pumped and 2) because gas is very compressible, 
requiring considerable travel of the pump plunger in order 
to alter pump pressure sufficiently to obtain valve action. 
Gas compressibility would not be important if there were 
no space for fluid to remain between the traveling and 
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standing valves at the position of their closest approach. 
In this event, all fluid in the pump barrel would be pumped. 
However, in a practical case there must always be a clearance 
between the traveling and standing valves at their closest 
approach, and a compressible fluid in this clearance space 
may expand from the pump discharge pressure to the pump 
intake pressure and occupy a portion of the volume of the 
pump barrel which has been traversed by the pump plunger. 
Any portion of the pump barrel traversed by the pump plunger 
that is occupied by expanded fluid from the clearance space 
represents a loss of efficiency in the pump. Therefore, the 
ratio of the clearance volume to the volume swept out by 
the pump plunger would be expected to affect the volumetric 
efficiency of a pump handling gas. Clearance ratio was found 
to have considerable effect on pump efficiency in the pumping 
tests reported herein. : 


Pump speed was found not to have much effect on vol- 
umetric efficiency in these particular tests. However, these 
test pumps were in good condition and were operating in a 
clean fluid, whereas in a field installation where worn valves 
may be operating in dirty fluids, valve action may not be 
efficient. As pump speed increases, the number of valve 
actions increases and valve action must be efficient for good 
volumetric efficiency. For this reason there is a good pos- 
sibility of a decrease in efficiency with an increase in pump 
speed in actual field installations. 


Pump stroke length was found to have only a minor effect 
on volumetric efficiency. However, in these tests the clearance 
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ratio was kept constant in order that the effect of stroke 
length alone might be obtained. In field installations, as 
pump stroke length is increased, the pump clearance volume 
usually remains constant and therefore the clearance ratio 
decreases, tending to give increased pump efficiency. 
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ABSTRACT 


A series of gas-lift tests was made 
which verified conclusions reached from 
previous studies and which showed that 
gas-lift performance could be calculated 
if reasonably accurate data on the pro- 
ducing characteristics of the well are 
available." The test installation is de- 
scribed. Its essential features consisted 
of a rate-of-flow controller to regulate 
the input gas and an auxiliary string 
of small diameter tubing to conduct the 
input gas to the point of injection in 
the eductor tubing. In general, it was 
shown that for continuous gas-lift opera- 
tion, injection should be as deep as 
possible consistent with available gas 
pressure and rate of production de- 
sired. Calculated curves are presented 
which completely characterize the gas- 
lift performance of the well tested. 


INTRODUCTION 


A correlation based on field data from 
a large number of flowing and gas-lift 
wells, covering a wide range of oper- 
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ating conditions, was developed which 
permitted the logical design and_ pre- 
diction of the performance of continuous 
gas-lift installations.” The procedure 
made it possible to calculate the depth, 
pressure, rate at which to inject gas, 
horsepower requirements, and the effect 
of production rate and tubing size on 
these quantities. As a result of these 
calculations certain significant facts 
were brought to light or re-emphasized. 
The presence of efficient ranges of oper- 
ation and an optimum injection depth 
for a given rate of production were 
shown to exist as well as the fact that 
the lower the tubing pressure the less 
the horsepower requirements to lift the 
reservoir fluids. The fact that the gas- 
lift performance can be predicted by 
calculation does not mean that any 
given installation will perform over the 
entire range predicted. Many of the 
conyentional continuous gas-lift instal- 
lations will not permit operation over 
the entire range predicted by calcula- 
tion (particularly in the efficient range 
of operation) because of the perform- 
ance characteristics of the installation. 
Consequently, field tests were initiated 
for the purpose of investigating and 
arriving at a simple continuous gas-lift 
installation which would operate under 
all conditions predicted by calculation. 


PETROLEUM TRANSACTIONS, AIME 


The first series of tests involved the 
use of mechanically operated valves. 
These valves were slip-joint type valves 
which are opened and closed by lower- 
ing or raising the tubing at the surface 
by means of a hydraulic jack. These 
valves were chosen because it was hoped 
that they could be opened or closed 
at will and did not depend on the gas 
pressure in the annulus or the pressure 
of the fluid in the tubing for their oper- 
ation. Unfortunately, the valves did not 
operate satisfactorily and it was im- 
possible to open or close each valve 
at will. Some limited data were ob- 
tained, however, which verified the pre- 
dicted benefits resulting from the use 
of lower tubing pressures. 

In the next series of tests the valves 
were removed and the gas was injected 
from the annulus through a 14/64-in. 
orifice equipped with a reverse check 
valve. A packer was set below the valve 
to seal off the space between the 2-in. 
tubing and 544-in. casing. The injection 
point was located at 3,810 ft. This ar- 
rangement provided satisfactory me- 
chanical operation. However, it was im- 
possible to obtain low rates of liquid 
production at low tubing pressures as 
predicted by calculation. A minimum 
gas injection rate existed below which 
steady flow was impossible. Liquid pro- 
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the volume of the flow string through 
which the injected gas is flowing. 

The problem was thus one of finding 
a mechanical installation which would 
allow gas to be injected into the tub- 
ing at a constant rate regardless of pres- 
sure fluctuations at the point of injec- 
tion. This behavior was approached in 
the last series of tests by using a rate- 
of-flow controller at the surface and an 
auxiliary string of %-in. tubing to con- 
duct the input gas to the point of gas 
injection. It is the purpose of this paper 
to report the results of this last series 
of tests and to compare and analyze 
these test data with gas-lift perform- 
ance caiculated by means of the corre- 
lation previously mentioned.’ 


COMPARISON OF 
CALCULATED WITH 
FIELD DATA 


Well performance data over the en- 
tire range of operations as predicted by 
calculation were obtained by means 
of an installation as shown in Fig. 1. 
The well was equipped with an auxiliary 
string of %4-in. tubing to conduct the 
gas to a fixed injection point in the 
2-in. tubing. Input gas was regulated 
at the surface by means of a rate-of- 
flow controller. With this particular 
mechanical installation, it was possible 
to yary liquid production rate over a 
wide range by simply varying the input 
gas volume with the rate-of-flow con- 
troller. The small volume of the %4-in. 
input tubing for all practical purposes 
assured a constant rate of gas injection 
into the tubing. Violent heading was 
eliminated and virtually steady state 
flow was achieved over the entire range 
of flow conditions. 

Tests were conducted at two points 
of gas injection. 3,180 ft and 4,502 ft. 
The results of the tests are tabulated 
in Table 1. 

In order to calculate the gas-lift per- 
formance for a given well the produc- 
ing characteristics of the well must be 
known. Fig. 2 shows the draw-down 
characteristics of the well on which the 
tests were made. Examination of the 
data in Table 1 failed to reveal any 
systematic variation for either the water- 
oil ratio or formation-gas — total-liquid 
ratio as a function of total liquid pro- 
duction. To simplify the calculations 
characterizing the gas-lift performance 
of the well. water-oil ratio, formation- 
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gas — total-liquid ratio, tubing pressure. 
and pressure gradient below the point 
of injection were assumed constant. The 
water-oil ratio of the well during the 
series of tests averaged 41.5. The forma- 
tion-gas —total-liquid ratio was as- 
sumed constant at 85 cu ft/bbl. This 
figure was arrived at by plotting the 
experimental results for both injected 
gas and total gas vs liquid production 
and taking the average of the differ- 
ence between the smooth curves through 
the data points as the formation gas. 
The resulting value agreed with some 
earlier observations made on the well. 


The tubing pressure was assumed con- 
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stant at 100 psia. The average pressure 
gradient below the point of injection 
was 0.453 psi/ft and was obtained from 
pressure traverse measurements on the 


well. 


The observed data were first evaluated 
to see how they compared with the orig- 
inal correlation.” The comparison is 
shown on Fig. 3. It is a plot of f the 
correlating function vs 1.4737 &* 106° 
MO 

original correlation.’ The test data agree 
well with the correlation. Figs. 4 and 5 
show a comparison of the observed and 
calculated pressure traverses above the 


The smooth curve is from the 
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point of gas injection for injection at 
4,502 and 3,810 ft. The comparison indi- 
cates good agreement. The comparison 
of the data with calculated curves show- 
ing total liquid flow per day vs thou- 
sands of cu ft of gas injected per day 
is a more dificult comparison to make. 
In making these calculations, water- 
formation-gas — total-liquid 
ratio, tubing pressure and_ gradient 
below the point of injection were all 
assumed constant. Actually this was not 
the case, as can be seen from Table 1. 
The variables mentioned fluctuated over 
quite a range during the course of the 
test program. Fig. 6 shows a comparison 
of the observed data wth curves cal- 
culated for the average well conditions 
for the plot of total liquid flow vs rate 
of gas injection. 


oil ratio, 


CALCULATED 
OBSERVED 


PRESSURE 


DEPTH - 500 FEET PER DIVISION 


FIG. 4— CALCULATED AND FIELD-MEASURED PRESSURE TRAVERSES. 


INJECTION DEPTH, 4,502 FT. 
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GAS-LIFT INSTALLATION 
CALCULATED GAS LIFT 
PERFORMANCE 


The ability to predict the perform- 
ance of a gas-lift well provides a means 
of determining the amount of injec- 
tion gas and the injection depth that 
will provide optimum gas-lift operation 
for a given rate of fluid production. 
Figs. 7, 8, 9, 10, and 11 are the cal- 
culated performance curves for a well 
having the characteristics of the one 
tested. Fig. 7 is a plot of the fluid pro- 
duction vs rate of gas injection for 
various injection depths. This curve is 
characteristic of the type obtained in 
field tests. The maximum liquid pro- 
duction rate at each injection depth in- 
creases with the depth of injection. Fig. 
8 is a cross plot of Fig. 7. Fig. 9 is a 
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plot of the injection pressure vs rate | 
of gas injection for various injection 
depths. Fig. 10 is a useful curve for | 
determining the optimum conditions | 
of lift for a given rate of fluid pro- | 
duction. It is a plot of ideal adiabatic 
horsepower per barrel per day of total 
fluid produced vs total barrels of fluid 
produced per day with injection depth 
and rate of gas injection as parameters. 
Horsepower as used here is the horse- 
power required to compress the injected 
gas from the tubing pressure (100 psia) 
to the injection pressure. Fig. 11 is a 
plot of the “thermodynamic flow effi- 
ciency” vs liquid production with in- 
jection depth and rate of gas injection 
as parameters. The “thermodynamic 
flow efficiency” is defined as the fraction 
of the internal energy change that is 
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Calculated Field Data 
Curves 3810 ft 4502 ft 
Formation Gas — Total Liquid Ratio 85 51-382 63-253 


Gradient below point of injection 0.453 psi/ft 0.450-0.460 0.444-0.450 
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Water-oil ratio: 41.5 

Formation gas-total liquid ratio: 85.0 cu ft/bbl 
Tubing pressure: 100 psia 

Gradient below point of injection. 0.453 psi/ft 
Tubing size: 2.0 in. (4.7 Ib /ft-1.995 in, ID) 
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Formation-gas — total-liquid ratio: 85.0 cu ft/bbl 


Tubing pressure: 100 psia 


Gradient below point of injection: 0.453 psi/ft 
Tubing size: 2.0 in. (4.7 lb /ft-1.995 in. ID) 


transformed into potential energy of 
position. The difference between the 
“thermodynamic flow efficiency” and 1.0 
is the fraction of the internal energy 
change used to overcome the resistances 
to flow. 


DISCUSSION 


The use of an auxiliary string of 
small-diameter tubing to conduct the in- 
put gas to the point of injection in 
the eductor tubing has proven very suc- 
cessful in wells having characteristics 
similar to the one tested, that is, in 
wells having relatively low productivity 
indices or high draw-down character- 
istics, where normal or desired fluid pro- 
duction rates are such as to result in 
performance curves as shown in Fig. 7. 
Performance curves for wells having 
high static fluid levels and high pro- 
ductivity indices or relatively minor 
draw-down characteristics do not show 
a maximum for any given injection 
point in the ranges of normal fluid pro- 
duction and injection gas pressures. 
Because of these reservoir character- 
istics, the high productivity wells will 
not head or die and steady-state flow 
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at normal producing rates is possible 
without use of an auxiliary flow string 
for the injected gas. 


The conditions which bring on head- 
ing or unsteady flow as previously de- 
scribed and the effect of the auxiliary 
flow string in overcoming this difficulty 
were discussed in a bulletin of the 
University of Wisconsin which described 
an air-lift pump.” Similarly, a bulletin 
published by the Bureau of Mines de- 
scribes gas-lift installations using rate- 
of-flow controllers." The use of an 
auxiliary flow string for the injected gas 
in conjunction with a rate-of-flow con- 
troller to our knowledge has not been 
used previously in gas-lifting oil wells. 

There are definite advantages of em- 
ploying an installation as described in 
Fig. 1 for wells having gas-lift  per- 
formance as shown in Fig. 7. Such an 
installation is necessary to permit opti- 
mum gas-lift operation. Calculations as- 
sume that gas will be injected into the 
tubing at a constant rate at a certain 
depth. With an installation involving 
the usual gas-lift valves, it is often 
impossible to inject a predetermined 
amount of gas into the tubing at a 
constant rate through the desired valve. 
The injection valve cannot be controlled 
at will because the commonly used 
valves are designed to open or close 
as a result of changes in pressure or 
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pressure differential occurring down 
hole. As discussed previously, injection 
at a constant rate is not always possible 
because of the volume of the annulus. 
Available valves do not maintain a con- 
stant rate of gas injection independent 
of annulus pressure. The installation 
shown in Fig. 1 will permit the con- 
stant rate of gas injection into the tub- 
ing of a predetermined amount of gas 
at any desired depth. The installation 
has certain other advantages: (a) there 
is no complicated down-hole equipment 
requiring service or repair, (b) there 
is no need for high gas pressure in 
the annular space, (c) there is no need 
for packers, (d) injection depth can 
be changed to meet changing well con- 
ditions by the simple operation of rais- 
ing or lowering the tubing, (e) chemi- 
cal treatment is simplified. 


The use of the auxiliary flow string 
and a single point of gas injection when 
applied to low-productivity wells nec- 
essitates the use of high-pressure kick- 
off gas to initiate flow from the well 


‘or the use of special kick-off techniques 


using the available operating gas pres- 
sure. In the absence of a source of 
kick-off gas, consideration should be 
given to use of a small booster com- 
pressor or a modification of the reg- 
ular gas-lift compressor facilities such 
as the incorporation of a high-pressure 
cylinder which is used only for kick- 
off purposes. It is often possible to 
depress the fluid level in the tubing, so 
that the well can be kicked-off with the 
available operating pressure. 


The field data taken confirm some 
general conclusions from earlier studies. 
Increased production with increased 
efficiency can result by deeper injection 
with correct regulation of injection gas.’ 
Of the calculated performance curves, 
Fig. 10 is probably the most useful. 
It is a plot of the energy required to lift 
a barrel of fluid under different con- 
ditions of lift. For example, assume it 
is desired to lift 600 bbl of fluid per 
day. What are the optimum conditions 
under which this fluid can be produced ? 
Injection at 4,000 ft would require 0.035 
hp/B/D of energy whereas injection at 
4,500 ft would require only 0.0225. 
There would not be much to gain by 
injecting deeper since at 5,000 ft the 
energy requirement would be reduced 
to only 0.020 hp/B/D. From Fig. 7 it 
can be seen that injection at 4,000, 
4,500, and 5,000 would require 198, 
110, and 92 Mcf of gas per day, re- 
spectively, whereas Fig. 9 shows the in- . 
jection pressures would be 692, 920, 
and 1,130 psia, respectively. As can be 
seen from Fig. 10, particularly in the 
region of low production rates, there 
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Table 1— Summary of Data 
Liquid Production B/D Gas-Mecf/D? Pressures Psia 
Water-Oil In- Form- Well In- Bottom Well At Dynamic 
Run No Oil’ Water! Total Ratio jected ation Total Head jection Hole Head 7,000 ft Efficiency 
Injection Depth 4,500 Feet 
1 17.6 754.7 CW 43.0 303.4 82.6 386.0 lll 860 2720 118° 201 58.1 
2 3.5 370.3 374 105.8 68.3 23.6 91.9 102 1035 2890 106° 199 83.1 
3 14.8 816.1 832 51.6 449.3 210.3 659.6 100° 850 2675 2 202 42.3 
1 24.6 628.3 653 25.6 172.3 52.2 224.5 100° 900 2775 108° 200 TORU 
Injection Depth 3,810 Feet 
oy NR’ NR NR NR 51.9 68.6 120.5 iy 725 2955 109 195 —_ 
6 35) 493.2 497 141.0 131.2 68.3 199.5 115 620 2865 113 196 75.0 
t 1.8 538.8 541 306.0 192.3 88.4 280.7 100° 590 2815 118 198 
8 14.0 584.4 598 41.6 259.9 82.3 342.2 100° NR NR NR NR 
9 15.8 602.0 618 38.1 329.7 12223 452.0 100° NR NR 118 NR 
10 NR NR NR NR 450.1 200.9 651.0 100° 600 2775 NR 199 ee 
11 14.0 561.6 576 40.0 220.2 119.9 340.1 12] 615 2820 12] 198 59.3 
12 15.8 605.5 621 38.3 507.9 235.5 743.4 100° NR NR NR NR =. 
13 10.5 589.7 600 56.0 403.2 Ze 632.4 100° 600 2820 118 198 33.4 
14 10.5 496.7 507 47.3 159.3 112.1 271.4 125 650 2870 NR 198 60.7 
15 10.5 386.1 397 36.7 93.5 27.6 121.2 113 720 2900 NR 193 Met 
16 ya 324.2 330 61.5 76.8 16.8 93.6 100° 729 2995 NR NR 
17 Do 201.8 207 38.35 55.4 95-125° NR NR NR NR 
18 10.5 221.1 232 21.0 64.8 95-125° NR NR NR NR 
NOTES: 


1. NR indicates data were not recorded, or in two instances (liquid production) it is shown where measurements were known to be 


in error. 


. Oil Gravity 35.8° API at 60° F 
. Water specific gravity = 1.07. 


pressure gauge. 


. Well depth 8,647 ft. 


is an optimum depth at which to in- 
ject gas. Injecting deeper than this 
optimum will not result in any appre- 
ciable decrease in the energy required 
to lift the fluid for any given rate of 
production. However, we are usually 
interested in obtaining maximum pro- 
duction from a well and, therefore. 
the point of injection should be located 
as deep as possible commensurate with 
the available gas pressure. Although 
actual production may be considerably 
less than the maximum at that given 
depth, the energy requirements for that 
production will be the lowest possible 
for the particular gas pressure avail- 
able. Knowing the available gas pres- 
sure, Fig. 9 can be used to determine 
the maximum depth from which fluid 
can be lifted with that pressure. 


SUMMARY 


A series of gas-lift tests was made 
which verified conclusions reached from 
previous studies and which showed that 
gas-lift performance could be calculated 
if reasonably accurate data on the pro- 
ducing characteristics of the well are 
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. Gas Gravity 0.668 injection gas, 0.677 total gas. 


available. Increased production with in- 
creased efficiency can result by deeper 
In general, for a continuous 
injection should be 


injection. 
gas-lift operation, 


Average well head pressure during run, obtained from recording chart, other well head pressures were measured with bottom hole 


Temperature measured at separator (well head and separator temperatures were substantially the same). 
. F = 0.0000723 P + 1.114, where F = formation volume factor (Bb]l Reservoir oil/bbl stock tank oil). 
gas solubility (cu ft/bbl stock tank oil) and P = Pressure in psia. 


as deep as possible consistent with avail- 
able gas pressure and rate of produc- 


tion 


desired. Curves were calculated 


which completely characterized the gas- 
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Gradient below point of injection: 0.453 psi/ft 
Tubing size: 2.0 in. (4.7 Ib /ft-1,995 in. ID) 
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lift performance of the well tested. 
Achievement of calculated performance, 
however, depends to a considerable de- 
gree on the design of the equipment. 
In wells similar to the one tested, use 
of a parallel string of small-diameter 
pipe to conduct gas to the point of 
injection and an input rate-of-flow con- 
troller for the injected gas will permit 
operation of the well over the entire 
range of gas-lift performance as pre- 
dicted by calculations. The installation 
also has certain other advantages, 
namely, there is no complicated down- 
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hole equipment requiring service or 
repair; there is no need for high- 
pressure gas in the annular space; 
there is no need for packers; injection 
depth can be changed to meet changing 
well conditions by the simple operation 
of raising or lowering the tubing; and 
lastly, chemical treatment is simplified. 
In the case of wells having high static 
fluid levels and high productivity in- 
dices or low drawdown characteristics, 
use of a parallel flow string may not 
be necessary. 
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MILE SIX POOL—AN EVALUATION OF 
RECOVERY EFFICIENCY 


E. L. ANDERS, JR., INTERNATIONAL PETROLEUM CO., LTD., TALARA, PERU, MEMBER AIME 


ABSTRACT 


The Mile Six pool is located on the La Brea-Parinas Con- 
cession of International Petroleum Co., Ltd., in northwestern 
Peru on the west coast of South America. The reservoir pres- 
sure in this pool has been maintained within 200 psi of its 
initial value throughout its history, and gravity drainage has 
played an important role in the production behavior. It has 
now produced 95 per cent of its estimated ultimate recovery. 

It is estimated that this interesting oil pool will ultimately 
produce 67 per cent of the initial oil in place and that the 
resulting residual oil saturation may be as low as 19 per cent 
of the pore volume (29 per cent of the hydrocarbon pore 
volume). An evaluation of reservoir rock and fluid character- 
istics and ultimate oil recovery is presented. 


INTRODUCTION 


This study of Mile Six pool was made to eyaluate its 
performance according to latest available information. The 
production performance of this pool has been discussed in 
various articles’”***’ in the past, and the reported behavior 
has been used as an example for application of computation 
procedures for gravity drainage depletion’ and as an illustra- 
tion of field behavior under gravity drainage or expanding 
gas cap drive.”* There have been wide variations in reported 
values of initial oil in place, reservoir oil volume factor, con- 
nate-water sauration, volume of effective sand, and ultimate 
recovery because of the paucity of reliable basic data. These 
various factors have been determined as accurately as prac- 
ticable with the latest available information, and this evaluation 
is presented herein. The production history of Mile Six is an 
excellent example of gravity drainage depletion with effective 
pressure maintenance by gas injection. 


GENERAL 


Mile Six pool was discovered by cable-tool drilling in 
November, 1927, when well 1996 was completed in the 
Parinas sand. After slow development with cable tools and 
sporadic production, the pool was opened to continuous pro- 
duction in November, 1933, and development was completed 
with rotary rigs. Pressure maintenance was started in Decem- 
ber, 1933, by returning gas to upstructure wells. 

Most of the development was completed by 1937, but some 
additional wells were drilled in the period 1939-1947, and 
several old wells were deepened. A total of 46 oil and gas 
wells and 4 dry holes were drilled on approximately 7-acre 
spacing. Of the producers, 21 are now flowing, 2 are pumping, 
4 are gas input wells, 3 are abandoned, 1 is a gas well shut 
in, and 15 are shut in because of non-commercial production 
or high gas-oil ratio. The locations of all wells are shown on 
the map of Fig. 1. 

Total oil production on Dec. 31, 1952, was 30,867,373 bbl: 
cumulative gas production was 22,023,777 Mcf; and 26,410,946 
Mef of gas had been returned to the reservoir. These figures 
do not include oil and gas lost in a blowout in January, 1946. 


IReferences given at end of paper. 
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GEOLOGICAL DESCRIPTION 


Mile Six pool is located on the northern end of a structural 
spur projecting from the La Brea-Negritos uplift. The spur 
is probably a reflection of a basement structure. It plunges 
gently to the north, is broken into a complex series of fault 
blocks, and contains the Verdun Alto, Section Sixteen, and 
Mile Six pools. 

The Parinas sandstone (lower Eocene), which is the pro- 
ducing formation in Mile Six, occurs at an average depth of 
2,200 ft in the pool and dips north and east at from 15° to 
20°. The pool covers an area of approximately 350 acres. 
Mile Six is downfaulted about 600 ft from Section Sixteen 
pool to the south, and a major fault forms its western 
boundary. The north and east boundaries are formed by the 
intersection of the sand top with the water-oil contact which 
occurs at approximately 2,440 ft subsea. An original gas-oil 
contact probably existed at about 1,875 ft subsea. Fig. 1 pre- 
sents the latest structural interpretation of the pool, and Fig. 
2 is an isopach map showing thickness of the total Parinas 
formation above the original water-oil contact. The heavy lines 
of Fig. 1 are contours on the sand top, and the fine lines 
are contours on the fault planes. This type of straight-line 
structural map was developed by International’s geologists 
to reflect structural conditions where the bedding planes dip 
and have no curvature. The La Brea-Parinas Concession is 
highly faulted by normal faults. The beds are flat wherever 
exposed. The Parinas formation is approximately 635 ft thick, 
and it is estimated that 62 percent of the formation is effective 
sand. The original oil zone was about 565 ft thick. Fig. 2A 
presents an electric log showing typical Parinas sand develop- 
ment in Mile Six pool. 

The Parinas sand in Mile Six is a well-sorted, medium- to- 
coarse-grained, cross-bedded sand with minor lenses of shale 
and small lenses and pockets of pebble conglomerate. The 
sand grains are subangular to rounded and consist chiefly of 
quartz with feldspars, biotite, hornblende, and augite as 
accessory minerals. 

Because of faulting of the Parinas formation to the east 
and north of the pool, there is probably no possibility of a 
significant natural water drive in Mile Six. The faults within 
the pool, as indicated in Figs. 1 and 2, are of smaller dis- 
placement and seem to act only as partial barriers to fluid 
movement within the reservoir. 


RESERVOIR CHARACTERISTICS 


Core analysis data are available from five wells. The data 
were obtained from three wells (Nos. 3401, 3586 and 3719) at 
the time of their completion and from well 1996 when the 
original liner was sidetracked and the well was deepened 
in 1946. Data from well 2779 were obtained in 1943 from old 
cores taken when the well was deepened in 1934. From these 
core analyses, the average porosity was estimated to be 22.6 
per cent, and the average permeability to dry air was esti- 
mated to be 780 md. Measured productivity indices varied 
from 3.1 to 71.4 B/D per psi differential. Specific productivity 
indices varied approximately from 0.1 to 0.8 B/D per psi per 
ft of sand. 
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The average connate water saturation was estimated to be 
about 35 per cent with distribution as shown in Fig. 3. No 
direct measurements of connate water from cores taken with 
oil-base mud or from restored-state tests are available for 
Mile Six. The curve of Fig. 3 was determined from a j-function 
curve which was prepared from 240 restored-state measure- 
ments for cores from similar Parifas sand in the Corral 
Quemado and Silla pools. The j-curve is shown as Fig 4. 

The average permeability to oil or gas where the hydro- 
carbon pore space is completely saturated with one phase was 
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estimated to be 300 md. Curves representing the relationship 
of relative permeabilities to oil and gas as a function of gas 
saturation (as a fraction of hydrocarbon pore volume) are 
shown in Fig. 5. These curves were developed from field 
data from nearby pools having very similar sand character- 
istics and which were produced by the solution-gas-drive 
mechanism. No laboratory measurements of relative permeabili- 
ties have been obtained. 

Fig. 6 is a cross section of Mile Six showing the original 
gas-oil and water-oil contacts and the original pressures at 
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FIG. 1 — STRUCTURE MAP OF THE Top OF THE PARINAS SANDSTONE IN MILE SIX POOL. 


280 PETROLEUM TRANSACTIONS, AIME 


Vol. 198 1052 


| 
fs 
if 
/ 
| 
8 
| 
© | 
+ © S e| 
Vv 
| 


T.P. 3695 


E. L. ANDERS, JR. 


‘1OOd XIS JIIW NI LN3WdO13A30 GNVS SYNIYVd 
TWOIdAL ONIMOHS ‘Z6SE 113M JO DOT 91419313 — V2 “Old 


{ 
Be 
mae 
(aa 
2 SSE 
NY 
; ooze 
= 
bh 
=m. 
= 
i¢ 
z { 
= — 
g 
Fe = 
S 0062 = 
= 
oO 
G4 =f 
z é 
< St 
P= 
= 
4 
VNTHVd SO { 
| 


VS 


"100d XIS 
1d LV) LOVINOD TWNIDOIYO JAOGY TVLOL HDVdOSI—Z “Old 


277906 


O3LINID 


000! 


10m 80D 


ON3037 


281 


PETROLEUM TRANSACTIONS, AIME 


Vol. 198, 1953 


T.P. 3695 
1600 
1700 
GCONNATE [WATER 
DISTRIBUTION 
MILE POOL 
FIGURE 3 
a 
W 
w 
o 
=) 
2000 
z 
2100 
= 
a 
WW 
WwW 
2200 
2300 
IN 
2400 
20 30 60 80 100 


CONNATE WATER SATURATION, PERCENT OF PORE SPACE 
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Table 1— Mile Six Pool, Summary of Reservoir Data 


RESERVOIR CHARACTERISTICS 


Original Oil Zone Volume, Acre-feet 54,580 
Original Gas Cap Volume, Acre-feet 7,120 


Average Permeability to Dry ‘Air, Millidarcies a 780 


Average Formation Dip, Degrees 
Reservoir Rock Assumed to be Water Wet 

Original Gas-Oil Contact, Feet Subsea _ 1875 
Original Water-Oil Contact, Feet Subsea 2440 
Original Oil in Place, Stock Tank bbl 51,800,000 
Original Oil in Place, Reservoir bbl 61,900,000 
Relative Permeabilites — See Fig. 5 

RESERVOIR FLUID CHARACTERISTICS 

Original Pressure at Gas-Oil Contact, psia. 856 
Original Pressure at Water-Oil Contact, psia 1045 
Original Pressure at Oil Zone Midpoint (-2158 ft ss), psia 951 
Original Pressure at Datum Plane (-2200 ft ss), psia._ : 965 


Temperature at 2200 ft ss, °F. : 
Original Gas-Oil Ratio (Flash), ‘Se ‘1F/Stock Tank bbl 325 
Original Reservoir' Volume Factor (Flash), 


Res. bbI/ST bbl 1.1960 
Original Reservoir Oil Viscosity, Centipoises 1.02 
Original Reservoir Gas Viscosity, Centipoises. 0.013 
Original Compressibility Factor — Gas Liberated by 

Original Compressibility Factor — Gas-Cap Gas... 0.880 
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FIG. 4— CAPILLARY PRESSURE FUNCTION CURVE AS APPLIED TO 
MILE SIX POOL. 


Table 2 — Mile Six Pool, Separator Fluid 
Sample Analyses 


Date Sampled Feb. 22, 1936 
Molecular Weight of Oil Eee 185.25 
Practical Analysis of Oil Liq. Weight 
Vol. % 
I-Pentane 920 
N-Pentane 1.971 1.514 
Hexane and Heavier 94.885 96.271 


100.000 100.000 
Fractional Analysis of Gas Gas Vol. % 


Methane 


Pentanes and Heavier 10.53 
100.00 

Separator Temperature, °F 91 
Vacuum on Separator, Inches of Mercury Rae oD 
Productions Rates), 547 
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FIG. 5 — RELATIVE PERMEABILITY — SATURATION RELATIONSHIP, PARI- 
NAS SAND, MILE SIX POOL. 
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FIG. 6 CROSS SECTION, MILE SIX POOL. 
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FIG. 7 —SAND VOLUME AS RELATED TO ELEVATION, MILE SIX POOL. 
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those two depths and at the pressure datum at 2,200 ft subsea. 

The original sand volumes in the gas cap and oil zone were 
taken from the curves of Fig. 7. These curves were determined 
from Figs. 1 and 2. The original gas-oil contact was assumed 
to be at 1,875 ft subsea, and the average water-oil contact 
was at 2,440 ft subsea. The estimate of percent effective sand 
was determined from core data and meager electric-log data. 
The original gas-cap volume was thus determined to be 7,120 
acre-ft with an oil zone of 54,580 acre-ft. 

The amount of oil originally in place was calculated from 
Figs. 3 and 7 to be 51,800,000 stock tank bbl or 61,900,000 


reservoir bbl. Table 1 presents a summary of the reservoir data. 


RESERVOIR FLUID CHARACTERISTICS 


No subsurface fluid samples were taken from Mile Six until 
1942. Since that time, six samples have been taken from three 
wells, and the solution gas-oil ratio and reservoir-volume factor 
for flash vaporization were measured at the saturation pressure 
for each sample. The results were rather erratic and con- 
sidered to be unreliable. Since the GOR and shrinkage were 
measured at only one pressure in each case and the results 
were so erratic, these values were calculated from hydrocarbon 
analyses of separator oil and gas samples obtained from well 
2779 in February, 1936. 

The hydrocarbon analysis of separator samples from well 
2779 are shown in Table 2. These were recombined accord- 
ing to the measured gas-oil ratio, and the composition of the 
reservoir oil was calculated. Equilibrium vaporization con- 
stants were determined for this mixture from reported ideal 
K’s at low pressures’ and the correlations of Hadden” and 
Brown, Katz, Oberfell and Alden.” Using these computed 
K-values, the bubble point pressure of the reservoir oil was 
determined to be 890 psia which was very close to the measured 
reservoir pressure at the time the samples were obtained. 

It was then assumed that the average oil from Mile Six 
was produced to separator conditions of 11.2 psia (5 in. mer- 
cury vacuum) and 90°F. Equilibrium vaporization, constants 
were determined for these conditions, and the solution GOR 
and reseryoir-volume factor were calculated for flash vaporiza- 
tion. These were determined to be 325 std cu ft per bbl and 
1.1960 reservoir bbl per stock tank bbl. 

The variations in solution GOR and shrinkage with change 
in saturation pressure were calculated for a combination 
vaporization process. For these calculations it was assumed 
that as the reservoir pressure declined, the liberated vapor was 
separated from the remaining oil because of gravity segrega- 
tion (differential vaporization) and that the resulting saturated 
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oil would be produced under flash vaporization conditions. The 
results of these calculations are shown in Fig. 8. It was also 
found that for the assumption of true equilibrium or flash 
vaporization the resulting curves would agree very well with 
the presented curves for the combination vaporization. 

The reservoir oil viscosity at original conditions was about 
1.02 cp. and the produced-crude-oil gravity was 40° API 
at 60°F. 


EXPLOITATION PRACTICES 


Fifteen oil wells and three dry holes were drilled with cable 
tools, and the remainder were drilled by rotary rigs. For the 
wells drilled with cable tools, the general practice was to 
cement casing at the top of the Parinas formation and then 
drill into the sand a few feet and run pre-perforated liner. 
All of the cable-tool drilled oil wells were later deepened with 
rotary rigs except for well 2743 which was noncommercial 
and was abandoned. 

Most of the rotary drilled wells also had casing cemented 
at the sand top and were then drilled to within a few feet 
of the water-oil contact. These were completed with uncemented 
perforated liners. Since 1939, all wells completed or deepened 
were drilled to a point below the water-oil contact; an elec- 
trical log was run; and an oil string or blank liner was set, 
cemented, and selectively perforated. 

Beginning in 1934, all producers were tubed to within a 
few feet of the bottom to give maximum submergence. Flow 
rates were controlled with positive chokes so that production 
was obtained at low gas-oil ratios as long as possible. Packer 
settings in non-perforated sections opposite shale stringers in 
the wells with cemented blank liner or casing have been very 
effective in reducing gas-oil ratios as the gas cap expanded. 
Most of the deepening jobs were done to increase production 
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Production Data 


Table 3 — Mile Six Pool, Pressure 


Prod, 
GOR, 


Cum, Gas 


Press. at Gas-Oil Press. at Cum. Oil 2 
Injected 


-2200 ft Contact, G-O Contact Produced Produced 
5 psia M 


Date ss, psia Ft. ss M Bbl Mef x 10-6 Mef x 10-6 CF/Bbl 
Discovery 965 1875 856 0 0 0 ee 
9/30/33 952 1875 843 0.385 0.175 0 366 
9/30/34 838 1975 763 ell 1.163 0.663 363 
3/31/36 886 2110 854 8.645 3.491 3.491 341 
1/31/38 876 2250 876 17.629 6.454 8.634 468 
10/31/39 874 2310 874 22.195 9.095 11.518 616 
4/30/42 826 2340 826 25.142 10.902 13.843 900 
4/30/44 839 2360 839 26.839 13.783 16.437 = 2594 
9/30/45 831 2370 831 27.618 15.710 18:355 2512 
8/31/46 765 2380 765 28.176* 18.034* 19.228 1039 
9/30/48 786 2390 786 29.457* 19.673* 21.529 1718 
1/31/50 770 770° 30:040* 21.095* 293250 
5/31/52 762 2400 762 30.476* 22.320* 24.983 293] 


«These figures include 7,000 bbl of oil and 1,600 MMcf of gas lost in blow- 
out of well 2281. 


and to decrease the gas-oil ratios. Now almost all flowing wells 
produce through automatic chokes. Only two wells are pump- 
ing, and about 95 per cent of the total ultimate recovery will 
be obtained by natural flow. 

Pressure maintenance by gas injection through upstructure 
wells began in December, 1933, and the reservoir pressure was 
maintained at an average of about 850 psig at 2,200 ft subsea 
until January, 1946, when an estimated 1,600 MMcf of gas and 
7,000 bbl of oil were lost in a blow out of well 2281. Since 
that time the reservoir pressure has been maintained at about 
760 psig. Since 1948, as wells went to high gas-oil ratio, they 
were shut in to decrease the amount of gas required for 
pressure maintenance if no workover possibility existed. 


PRODUCTION HISTORY 


Little oil was produced from Mile Six between its discovery 
in 1927 and October, 1933. Pressure maintenance was started 
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FIG. 9 — PRESSURE-PRODUCTION HISTORY, MILE SIX POOL. 
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in December, 1933, and the oil production rate was increased 
to 14,000 B/D by the middle of 1936. The production rate 
had declined to 1,400 B/D by 1945, and the average produced 
gas-oi] ratio had increased slowly from 330 cu ft/bbl in the 
early life of the pool to over 2,300 cu ft/bbl in 1944 and 1945. 

The deepening program was accelerated in 1946 to increase 
the oil production rate and to decrease gas-oil ratios. It was 
during deepening of well 2281 that it blew out. 

In December, 1952, Mile Six was producing 600 B/D 
of oil (an average of 26 bbl per well-day) at a gas-oil ratio 
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of 4,150 cu ft/bbl. Gas was returned to the reservoir at a 
rate of 3,200 Mcf/D. 

Including the oil and gas lost in the blowout, a total of 
30,875,000 bbl of oil and 23,624,000 Mcf of gas have been 
produced from Mile Six. In addition, approximately 2,250,000 
bbl of gasoline have been removed from the produced gas by 
the Mile Six Gasoline Plant. 

Fig. 9 shows the pressure-production history of the pool. 
and Table 3 shows pressure and production data for various 
dates. 
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Table 4— Mile Six Pool, Ultimate Recoveries and 
Residual Oil Saturations 


Cum. Recovery to Dec. 31, 1952, Bbl $.T. Oil 30,867,373 


Cum. Recovery to Dec. 31, 1952. Bbl Gasoline 2,250,000 
Total Recovery to Dec. 31, 1952, Bbl Liquid 33,117,373 
Est. Economic Ult. Recovery, Bbl S.T. Oil 32,000,000 
Est. Economic Ult. Recovery, Bbl Gasoline... _. 2,800,000 
Total Ult. Recovery, Bbl Liquid... 34,800,000 
he Ult. Residual Oil Saturation, % Total Pore Vol. 19 
Est. Ult. Residual Oil Saturation, % Hydorcarbon Pore Vol. 29 
Est. Ult. Recovery, % Stock Tank Oil sae in Place 67 
Est. Ult. Recovery, Bbl/Acre-ft.......... 637 
NOTE: Production figures do not include oil and gas lost in blowout of 
well 2281. 


ULTIMATE RECOVERY 


It is now estimated that Mile Six will produce a total of 
32,000,000 bbl of stock-tank oil to an estimated economic limit 
of 100 B/D. The amount of natural gasoline to be produced 
in the future will, of course, depend upon the method by which 
the present gas cap is depleted. If the pressure is maintained 
to the economic limit for oil production and the gas cap is 
then processed without return of dry gas to the gas cap, the 
ultimate recovery of gasoline sohuld be about 2,800,000 bbl. 
Cycling of the gas-cap gas should increase that figure signifi- 
cantly, but no evaluation of such a procedure has been 
prepared. 

The total ultimate liquid recovery is estimated to be 
34,800,000 bbl which will leave a residual oil saturation of 
19 per cent of the total pore volume or 29 per cent of the 
hydrocarbon pore volume. Such recovery will be equal to 
67 per cent of the initial stock-tank oil in place. A summary 
of recovery determinations is presented in Table 4. These 
residual oil saturation estimates may be subject to some varia- 
tion since the estimate of connate water in Mile Six was 
based on a correlation developed for other similar pools and 
since the estimate of net pay is always approximate. 

There can be little doubt that gravity segregation has played 
a very important role in the production of Mile Six pool. 
Qualitatively, the effects of gravity drainage can be shown by 
the map of Fig. 10. The recoveries from wells near the top 
of the structure have been very low while many of the down- 
dip wells have produced more oil than was originally in place 
in the areas they would ordinarily be expected to drain. The 
presence of faults has undoubtedly affected the recoveries 
of some wells completed in fault zones, and some of -the 
wells completed in thin sand sections close to the water-oil con- 
tact have had fairly low recoveries because of high connate 
water saturation. There has been no active water drive. 


CONCLUSIONS 


Although the Mile Six pool has been producing for over 
25 years and good field measurements of oil and gas produc- 
tion, gas injected, and reservoir pressures are available, it 
is still very difficult to determine the amount of additional oil 
recovery which can be attributed to the effects of pressure 
maintenance. Since the pool has so many properties which are 
conducive to effective gravity segregation, the ultimate recovery 
without pressure maintenance would probably have been much 
higher than is usually considered good for soiution-gas drive 
but lower than is actually expected. However, there is no 
doubt but that pressure maintenance has been an economic 
success because of the reduced time for depletion, value of 
gasoline removed from the cycled gas, increased oil recovery, 
and reduced lifting costs due to the fact that it has been 
possible to flow almost all of the oil produced to date. Also, 
a large amount of gas has been stored in the reservoir, 
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this gas can be used for fuel and for pressure maintenance 
in other pools later. 

To summarize, the following reasons are offered in explana- 
tion of the successful pressure-maintenance program in Mile 
Six pool: 

1. Reservoir characteristics conducive to effective gravity 
drainage. These include massive, continuous sand section, 
high permeability, fairly steep dips, and low oil viscosity. 

2. Pool owned and operated by one company. 

3. Early gas injection before the reservoir pressure had de- 
clined to any significant extent. 

4. Effective pressure maintenance throughout pool by gas 
injection to the gas cap only. 

5. High productivity indices which allowed wide range of 
production rates with small pressure drawdowns. 

6. Availability of a large supply of make-up gas from near- 
by pools which allowed effective pressure maintenance. 

7. Effective methods of gas-oil ratio control at moderate 
expense. 

8. Nature of reservoir oil (fairly high content of light hydro- 
carbons) which has allowed effective vaporization of oil 
in contact with dry injected gas. 

Future operation of pool and method of depletion of gas 
cap will depend upon demand for gas for fuel and for other 
pressure-maintenance projects. Continued cycling of the gas- 
cap gas can probably increase the total liquid recovery above 
the present estimates if such operation can be carried out 
economically. 
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ABSTRACT 


The paper summarizes the historical background of the 
pressure-volume-temperature analyses of reservoir fluids, the 
errors involved in both the sampling and testing of reservoir 
fluids, the type of information required of a PVT determina- 
tion, and the field conditions that limit the application of 
any one analysis. Particular emphasis is placed on the neces- 
sity for approximating as closely as possible the liberation 
sequence occurring in the producing formation, flow string, 
and surface separators. A combined differential and flash or 
“composite” liberation is suggested as the best means of ap- 
proximating this liberation sequence. 


HISTORICAL BACKGROUND 


Petroleum reservoir engineering commonly is considered to 
be one of the newest fields of petroleum science, yet much 
work of a theoretical and intuitive nature was done many 
years before the modern techniques of reservoir analyses were 
developed. 

The period 1910-1924 saw considerable work in the field 
of reservoir behavior done by the U. S. Bureau of Mines. This 
work,’° although entirely theoretical, pointed out the impor- 
tance of gas in the recovery of oil from the reservoir. The 
statement by J. O. Lewis that 20 per cent or less of the oil 
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originally in place in a pool was recovered from the ground 
under uncurtailed production conditions caused some operators 
to re-examine and modify their production methods. However, 
though these works showed methods of production that have 
subsequently resulted in greater oil recoveries, they in general 
went unnoticed, even though there was a fear that the nation’s 
petroleum resources were being exhausted. 


The period 1924-1933 saw the industry take considerably 
more interest in reservoir behavior because of an unfounded 
fear of its inability to replace oil reserves, the possibility of 
government regulation, and the energy of one man, Henry L. 
Doherty. Doherty aroused heated discussions in the industry 
concerning conservation. To prove or disprove his theories 
the first experimental work on the reservoir behavior of pe- 
troleum was undertaken. The papers of Dow and Calkin,' 
Beecher and Parkhurst,” and Mills and Heithecker® are classics 
although their experimental procedures were crude. These 
papers proved that the properties of petroleum in the reservoir 
are quite dissimilar to the properties measured at the well 
head. Gas dissolved in the oil phase was recognized as having 
considerable importance as had been predicted by the earlier 
theorists. 


Slightly later Miller” and his co-workers assembled the first 
text correlating all the known data on the reservoir behavior 
of petroleum and used these data to show the economic yalue 
of conservation. Quantitative application of pressure-volume- 
temperature analyses of reservoir fluids was given in the paper 
of Coleman, Wilde, and Moore”; this work showed that with 
sufficient laboratory and production data prediction of reser- 
voir behavior was possible. The refined sampling and labora- 
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tory techniques of Lindsly” led to the present methods of 
reservoir fluid analysis. Such improved techniques make pos- 
sible the quantitative investigation of reservoir problems now 
taking place. 

Modern laboratory procedures still do not truly represent 
reservoir behavior. This paper will present some proposals to 
help correct these discrepancies. 


RESERVOIR TEMPERATURE AND PRESSURE 
SURVEYS, SAMPLING OF RESERVOIR FLUIDS 


The applicability of the results of laboratory PVT deter- 
minations to problems in reservoir behavior depends upon 
field information. To use the laboratory results in reservoir 
studies it is necessary to have accurate field temperature, pres- 
sure, and production information, and to know the samples 
tested are representative of the reservoir fluid. 


Temperature Surveys 


Bi-metallis,” maximum recording,” and electrical resistance 
thermometers"; thermocouples; and other methods” are avail- 
able to obtain bottom-hole temperatures. It is essential that 
the fluid within the well bore through which the measuring 
device passes be in thermal equilibrium with the forma- 
tion and that the recording instrument come to thermal equili- 
brium with the well fluids readily. For these reasons, static 
or shut-in temperature measurements are considered the most 
representative. 


Pressure Surveys 


The merits and limitations of the various sub-surface pres- 
sure measuring devices are adequately discussed in_liter- 


Sampling of Reservoir Fluids 


While the methods of obtaining bottom-hole temperatures 
and pressures are well standardized and of known accuracy, 
the accuracy of reservoir fluid sampling methods is open to 
considerable question. The following discussion considers the 
available procedures for obtaining a sample from a well. 
Particular emphasis is placed on the limitations of these nieth- 
ods which may cause the sample to be non-representative of 
the reservoir fluid. 

The field situation usually determines the method of sam- 
pling employed. The observed properties of the field sample 
and the sampling conditions should be recorded prior to the 
shipment of the sample to the laboratory for testing. These 
data are an integral part of the final PVT analyses. The ex- 
pediency of obtaining several samples from a well is obvious. 
The cost of such additional sampling is small after prepara- 
tions have been made to take the first sample. Several samples 
provide a check on the results obtained and will indicate 
the accuracy of the sampling technique. 

Re-sampling of the reservoir at various times during its life 
will insure greater accuracy in the PVT studies. Field operat- 
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ing conditions may change as well as the nature of the reservoir 
fluid: thus, new PVT analyses will take into account these 
factors which were not anticipated in prior tests. 


Bottom-Hole Samples 

Many types of bottom-hole samplers have been devised and 
described in the literature.”"°”***** The mechanical nature of 
the devices introduces some error into the sampling operation; 
however, these errors are probably of less importance than 
those resulting from the other difficulties. 

It is often questionable whether the fluids in the tubing at 
the point where a bottom-hole sample is taken are representa- 
tive of the reservoir hydrocarbons. This is particularly true if 
there has been considerable drawdown of the well prior to 
sampling, if several zones containing fluids of dissimilar prop- 
erties are produced together, if the gas and liquid are not 
homogeneously mixed in the proportions in which they existed 
in the formation, and if both gas cap and oil zones of a reser- 
voir are open simultaneously to the well bore. 


Allowing the well to stand shut-in for a short time prior to 
sampling usually assures a fairly representative reservoir 
liquid sample, lacking only the gas formerly associated with 
it. Only in the case where the reservoir fluid was under- 
saturated initially and during production would the sample 
be truly representative. 


Recombined Samples 


Often sampling of the fluids produced from a well is a 
satisfactory and accurate method for obtaining a representa- 
tive reservoir fluid sample. Both the produced liquids and gas 
are sampled, usually at the high pressure separator. These 
two samples are then combined in the same proportion as the 
two phases are produced from the well. The liquid and gas 
also may be combined in other ratios to give samples rep- 
resentative of other reservoirs or of the originating reservoir 
as it existed at some previous time. 

There are also some inaccuracies possible in using this 
method, and they must be corrected for if the results obtained 
from the recombination are to be representative. Relative per- 
meability conditions in the formation may allow unequal flow 
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rates of liquid and its formerly associated gas to the well bore; 
such a condition would obviously render a sample combined 
on the basis of the primary trap gas-oil ratio inaccurate. The 
necessity for accurate gauging and steady-state well conditions 
is immediately apparent. (If the well is producing both gas 
from a gas cap and gas released from solution, the proper 
combination of the fluid samples will depend on other infor- 
mation besides the primary separator gas-oil ratio. General 
correlations concerning the properties of reservoir fluids may 
be useful in this regard”). 

The economy resulting from the use of recombined well fluid 
samples instead of bottom-hole samples appears to be obvious: 
however, the necessity for extremely accurate gauging and 
control of the well prior to and during the sampling operations 
may partially obviate this apparent economy. 


Flow Line Samples 


For condensate fields, sampling of the fluids passing through 
the flow-line from a well or a number of wells may be em- 
ployed. A common method uses a Pitot tube inserted in the 
flow-line through which the fluid is passing. Because of the 
unknown distribution of liquid and gas within the pipe, it is 
dificult without proper calibration of equipment to obtain a 
sample that will contain proper proportions of condensate 
and gas. 


TYPES OF GAS LIBERATION AND 
APPLICATION OF DATA OBTAINED FROM 
THESE LIBERATIONS TO RESERVOIR 
PROBLEMS 


A need exists for a comprehensive correlation between pres- 
ently used laboratory gas liberations and the liberations occur- 
ring in the production of fluid from reservoir to stock tank. 
Laboratory methods used in obtaining PVT relations should 
endeavor to simulate the production liberation sequence. 


Reservoir Gas Liberation 


The only work” concerning true reservoir gas liberation 
that has an experimental rather than speculative basis is of 
a highly idealized nature. However, experimental data on reser- 
yoir constituents under normal production practices. Pirson™ 
with the American Petroleum Institute Project 47. 


Possibility of Supersaturated Conditions 

There is no definite information available that indicates ther- 
modynamic equilibrium is attained by the hydrocarbon reser- 
voir constituents under normal production practices. Pirson™ 
and Sage” have both pointed out that supersaturation of the 
reservoir oil with gas can occur. Investigation to determine the 
conditions necessary for this supersaturated condition is cur- 
rently being conducted under API Project 37 at the California 
Institute of Technology. Results to date indicate that agitation 
is the most important factor causing the attainment of thermo- 
dynamic equilibrium. When he flow towards the well bore is 
slow because of low formation permeability, slight pressure 
differential, or a low permeability zone immediately about 
the well bore, there is probably insufficient agitation or turbu- 
lence to cause thermodynamic equilibrium. These supersatura- 
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tion conditions, if they exist, cannot be predicted by routine 
laboratory PVT analyses. Unfortunately supersaturation can 
have a considerable effect on reservoir engineering calcula- 
tions. 


At Conditions Below or Near the Equilibrium 
Gas Saturation 

If there is such a low original gas saturation in the pool 
that the formation has no permeability to gas, the vapor that 
is released from solution due to pressure draw-down will re- 
main in the pores in contact with oil until an equilibrium gas 
saturation is reached; then the gas will begin to flow. At a 
distance from the well and under moderate drawdown condi- 
tions, both the oil and gas will be moving slowly after the 
equilibrium gas saturation is reached. Therefore, flash libera- 
tion conditions are approximated over the entire formation 
before the equilibrium saturation is reached and at a distance 
from the well bore after the equilibrium saturation is reached. 
In flash liberation the vapors formed are allowed to remain 
in contact with the liquid phase until the desired equilibrium 
conditions are reached. This type of liberation is characterized 
at any one pressure by a constant composition of the vapor 
and liquid phases and a constant gas-oil ratio. 

Closer to the well bore (the distance will depend on the 
magnitude of the draw-down) the oil will be moving more 
rapidly than the gas that evolves from it at this time. Under 
these conditions a differential liberation is approximated. In 
differential liberation the vapors formed are continuously re- 
moved from contact with the liquid phase. This type of libera- 
tion is characterized by a varying composition of the liquid 
and vapor phases and a continuously varying gas-oil ratio. 
The differential liberation condition probably applies to only 
a small percentage of the drainage area of a well or reservoir 
just prior to or just when equilibrium gas saturation has been 
attained; therefore, laboratory flash liberation is used to simu- 
late field producing characteristics at this stage. 


At Conditions Above the Equilibrium Gas Saturation 

After the equilibrium gas saturation is reached, the differen- 
tial separation process better represents the formation libera- 
tion. The gas generally is more mobile than the oil and leaves 
the oil that originally contained it behind when both are flow- 
ing to the well bore. The oil flowing to the well is constantly 
liberating more gas due to the decreasing pressure. This is not 
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a true laboratory differential liberation because the gas is con- 
stantly in contact with oil on its trip to the well bore, and 
the oil the gas is in contact with is not its originating liquid. 
Whether there is sufficient agitation to allow the traveling gas 
to come to equilibrium with the oil it by-passes is unknown. 
It is probable that complete equilibrium between the gas and 
oil is never attained. 

It is also possible at this stage to have a combination of 
the differential and flash liberation in the reservoir due to the 
pore size variance. When the larger pore spaces have attained 
gas equilibrium, there may be smaller pore spaces or capil- 
laries where an equilibrium gas saturation has not been 
reached. These small capillaries probably contribute little to 
the total production of the field, and the dual liberation effect 
may therefore be neglected. 


During gas injection it is known that very little of the gas 
returned to the formation goes into solution in the remaining 
reservoir oil due to lack of agitation. The gas goes either into 
the gas cap or by-passes through the larger, already depleted, 
pores of the formation. The injected gas, mainly comprised of 
methane and ethane due to prior recovery of the heavier con- 
stitutents, is of different composition than the gas that would 
be evolved by the oil remaining in the by-pass channels if the 
reservoir pressure were allowed to decline. The volatile injected 
gas will pick up some of the heavier constituents of the oil 
and will mix with the liberated gases; the oil in turn will 
dissolve some of the injected gas. This enrichment of rapidly 
moving gas will not produce complete equilibrium and is 
not represented either by the flash or differential-type labora- 
tory liberation. However, since the gas is moving rapidly past 
the remaining oil, differential liberation is considered to aflord 
the best representation of the formation process. This non- 
attainment of equilibrium causes computations involved in 
gas injection operations to be in error if based on the assump- 
tion that equilibrium is attained between the oil and injected 
gas. 

Miller” believes the formation liberation to be an adiabatic 
rather than isothermal process as it is generally regarded. 
Under certain conditions the use of isothermal laboratory data 
to approximate adiabatic reservoir conditions might cause 
errors of a measurable magnitude. However, Miller reports 
that in most cases this error is slight. 
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Flow-String Gas Liberation 


The gas liberation occurring in the flow-string between the 
producing formation and the well head is considered to be an 
adiabatic flash liberation. This belief is based on the fact that 
all the fluid entering the flow-string must be removed from 
it at the surface and there is sufficient agitation in the flow- 
string to induce equilibrium. There are several differences, 
however, between this flow-string liberation and a laboratory 
flash liberation. The laboratory flash liberation allows only the 
gas liberated from the sample to stay in contact with the re- 
maining liquid until certain conditions are reached. This is 
usually done under isothermal conditions. In the well bore, 
gas from oil other than that in the well bore may be present, 
resulting in differences from the laboratory results in both 
the gas and oil characteristics. This is particularly true in 
gas injection where part of the injected gas is by-passing 
through partially depleted pores. Also separation of some gas 
from the liquid hydrocarbons at the tubing shoe may occur. 
This gas may then be produced from the casing-tubing annulus 
thus rendering more inaccurate the oil and gas characteristics 
predicted from the laboratory flash liberation. And if a well 
flows by heads, equilibrium between all produced fluids will 
not be attained. Currently, however. the liberation process in 
the tubing and casing is regarded as more nearly flash in 
nature than differential. 


Fluid Separator Gas Liberation 


It is generally agreed that flash vaporization best represents 
the separator type liberation. When entering the separator the 
fluids are probably in equilibrium due to the agitation occur- 
ring in the flow-string. During separation in the trap, a certain 
amount of oil always remains inside the trap in contact with 
a constant volume of gas. Each unit volume of oil-gas mixture 
entering the separator is of approximately the same composi- 
tion as the previous unit volume; thus homogeneous flow is 
essentially attained under conditions of steady well flow. Each 
subsequent separator results in another flash liberation with the 
final flash liberation occurring in the stock tanks. 


The variance between the laboratory and separator flash 
liberation results from the laboratory flash being carried out at 
a constant temperature for each trap, while the field separator 
liberation may occur at greatly differing temperatures through- 
out the year. However, this discrepancy between laboratory 
and field results is slight in most cases. 


Composite Gas Liberation Method 


In the previous discussion the reservoir liberation, after 
gas equilibrium was reached, was described as a declining- 
pressure, relatively-constant-temperature, differential libera- 
tion; the flowstring liberation was described as a declining- 
pressure, declining-temperature, flash liberation; the separator 
and stock tank liberation was described as a reduced-pressure, 
variable-temperature, flash liberation. To better approximate 
this reservoir and producing liberation cycle a composite type 
liberation can be run in the laboratory. A differential libera- 
tion represents the reservoir vaporization; a series of flash lib- 
erations represents the behavior of the oil passing up the flow- 
string, through the surface separators, and into the storage 
tanks. The limitations and errors involved in these approxima- 
tions have been previously discussed. 


The laboratory procedure for this composite liberation fol- 
lows. A representative fluid sample is charged into the main test _ 
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cell at a pressure high enough to insure single phase behavior. 
The temperature of the cell is then raised to that of the reser- 
voir. The sample is expanded with a reduction in pressure 
(method similar either to the differential or flash liberation in 
the undersaturated region) until the first bubble of gas is 
evolved. At this point a small volume of oil from the main 
test cell is removed at constant pressure to another, smaller. 
auxiliary test cell. The temperature of this cell is held to 
that existing in the first separator at the well head; the sample 
of oil in the auxiliary cell is flashed to the pressure of the 
first surface separator after noting the original volume of 
oil. The gas liberated from this first auxiliary cell flash is 
removed from the cell and its volume and specific gravity 
measured. The remaining volume of oil in the auxiliary cell 
is recorded. This oil is then flashed to the pressure of the 
next separator while the cell is held at the temperature of 
this separator. This flashing process is repeated as many times 
as there are surface separators, including a final flash to 
simulate the liberation to stock tank conditions. 

The laboratory making such a PVT analysis must select the 
trapping pressures when they are not specified. Usually a pri- 
mary 450-500 psig trap and 50-60 psig secondary trap are 
good approximations for most California conditions. 

The maintenance of the auxiliary cell temperature at the 
temperature in the surface traps results in more accurate 
gas-oil ratio and shrinkage information than that given by the 
usual flash and differential liberations run at higher reservoir 
temperatures where more gas is liberated and more shrinkage 
occurs. 

The volume of oil remaining in the main cell is allowed 
to expand through a pressure decrement while being held at 
reservoir temperature. The gas evolved in this pressure decre- 
ment is then removed as in a differential liberation. Follow- 
ing the gas removal a small volume of oil from the main 
test cell is charged at constant pressuie to the auxiliary cell. 
The oil removed to the auxiliary is then successively flashed 
at temperatures and pressures equal to those in the surface 
separators and stock tanks with suitable volume readings and 
gas measurements being taken after each step. 

The differential liberation of the oil in the main test cell 
is continued with removal of portions of the differentially lib- 
erated oil at selected pressures. Each portion removed is flashed 
through what approximates the surface trapping arrangement. 

Near the end of the composite liberation process the main 
cell pressure may drop below the initial assumed trap pressure 
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so that the first flash trapping will be eliminated from the 
experimental procedure. This is in line with field operating 
practice. 

In each case the oil produced from the trapping is corrected 
to a volume at standard conditions through use of appropriate 
tables and its specific gravity noted. This final auxiliary cell 
volume corrected to standard conditions divided into the vol- 
ume removed from the main cell allows evaluation of a forma- 
tion volume factor based on tank oil or a close approximation 
of it. Use of either the differential or flash liberation process 
alone does not allow for measurement of tank oil properties 
but only for a measurement of residual oil properties which 
are not characteristic of the liquid produced from the well. 


The volume of gas liberated from each trapping sequence 
(total volume at standard conditions) divided by the volume 
of oil at standard conditions that evolved from this trapping 
gives the solution gas-oil ratio for the pressure at which the 
oil was removed from the main cell (this ratio is based on 
tank oil and not residual oil). 

Use of differential vaporization to represent the formation 
liberation results in compositional changes of the final tank 
oil and gas throughout the testing series. This phenomenon 
occurs in the field also. Thus the composite liberation method 
makes possible prediction of the stock tank oil and gas gravity 
changes throughout the reservoir pressure decline. 


Measurement of the liquid volumes in the main cell and 
volumes of gas removed with adjustment for withdrawals of 
liquid for trapping separation allows the differential curves 
(for residual oil) of the sample to be determined simultan- 
eously with the tank oil relations. The formation volume fac- 
tor and gas in solution behavior of a sample as determined by 
these two methods (composite and differential liberations) are 
compared in Figs. 1 and 2. Note that there is a considerable 
difference between the two curves, particularly at higher pres- 
sures where reservoir calculations based on PVT data are 
most commonly made. 


The slope of the formation volume curve in the single phase 
or undersaturated region is the same for the differential, flash. 
or composite liberation. The location of the volume curve in 
the undersaturated region is considerably different for the 
various processes because of their variant nature after the 
bubble point has been reached. 

The numerical importance of these composite liberation 
data for one field is shown in the material balance calculation 
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of Table 6. The material balance equation shown in Table 6 
was simplified before use by assuming: (1) No gas in solution 
in reservoir or encroached water, (2) The water compression 
and thermal expansion are negligible or of compensating mag- 
nitude, (3) No pore volume reduction due to sand compaction, 
(4) The water initially in place equals zero as it is inter- 
stitial and thus is assumed to be both immobile and to undergo 
no volumetric change. 

In pools where the oil is highly volatile and the gas produced 
contains considerable amounts of liquefiable constituents, con- 
sideration must be given in material balance calculations to 
the amounts of LPG and casinghead gasoline recoverable from 
both tke gas in solution in the oil produced and from the gas 
coming from the gas cap or residual reservoir oil.” The solution 
gas produced by the composite liberation can be analyzed for 
liquid content. The method of Cook, Spencer, and Bobrowski™ 
allows the liquids contained in the other produced gas to be 
computed. The formation volume factors for the liquids pro- 
duced will be obtained by the composite liberation method. 


REQUIREMENTS FOR PVT DETERMINATIONS 


Evaluation of various producing methods or future produc- 
tion possibilities may be gained through the combined use of 
PVT information and operating data. The “ideal,” “minimum,” 
and “no reservoir sample” PVT requirements are discussed. 


The “Ideal” PVT Requirements 


The formation volume and gas in solution relations should 
be obtained by flash, differential, and composite methods from 
the initial reservoir pressure, bubble point pressure, or other 
pressure as dictated by field conditions down to the pressure 
at the economic limit. The density of the oil and gas liberated 
by the differential and composite methods should be noted. 
Accurate measurement of the trapping conditions in the com- 
posite method is important. 


Viscosity of the liberated gas can be determined from the 
Bicher and Katz” correlations when the gravity of this phase 
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is determined. The viscosity of the reservoir oil preferably 
should be determined in the laboratory (use of a rolling ball 
viscosimeter is recommended”). When laboratory determina- 
tion of the liquid viscosity is not made, the correlations of 
Beal” can be used. 

The deviation factor and density of the differentially lib- 
erated gas should be determined during the running of the 
differential liberation series. These experimental determinations 
may then be compared to the deviation factors as determined 
by the Brown® or some other similar method.” A formation 
volume factor for the gas (space in barrels occupied in the 
reservoir at a certain pressure by one standard cubic foot of 
gas that is not in solution) may be computed using the devia- 
tion information and gas laws. Use of the gas formation vol- 
ume factor, solution gas-oil ratio, and liquid volume factor 
readily gives the two-phase formation volume factor. To be of 
significance this two-phase factor must be computed from the 
composite liberation data and should not be obtained from 
flash liberation information. 

The thermal expansibility and compressibility of the satu- 
rated crude should be obtained so that the observed data may 
be revised to any datum. Surface and interfacial tensions 
should be determined. The method of Hocott” is typical. 

All data regarding field sampling methods, field sampling 
conditions, and field tests should be included in the final report. 


The “Minimum” PVT Requirements 


Such a “minimum” analysis would be one in which only the 
most important physical properties were measured. Other prop- 
erties would be approximated by using the basic test data, 
production information, and various correlations. 

Gas-oil ratios and formation volume factors as determined 
by the composite and differential methods are important. The 
gravity of the liberated gas can be obtained from this informa- 
tion using the correlations of Standing™ or Borden and Rzasa.~* 

From the test cell information and the liquid viscosity at one 
set of conditions the correlations of Beal” will allow approxi- 
mation of reservoir liquid viscosities at other conditions. Esti- 
mated gas gravities will allow approximation of the viscosity of 
the liberated gas through the correlations of Bicher and Katz.” 

Estimated liberated gas deviation factors and gravities per- 
mit computation of gas formation volume and two-phase forma- 
tion volume factors as described under “ideal” PVT require- 
ments. 

Again the field sampling and field testing information are 
an integral part of the report. 


The “No Reservoir Sample” PVT Requirements 


With a knowledge of the gravity of the produced gas, grav- 
ity of the tank oil, instantaneous gas-oil ratio (assumed equal 
to the solution gas-oil ratio or corrected to an estimated solu- 
tion ratio by other means), and bottom hole temperature and 


Table 1— Reservoir Data 
Rate: 643 B/D. 
Gas-Oil ratio: No record. 
Tank Oil Gravity: 33.5°API. 
Initial Reservoir Pressure at mid-point of perforations: 2,817 psig 
at 4,611 ft below mean sea level. ; 
Initial Reservoir Temperature: No record. 
Initial Datum Pressure: 2,762 psig at 4,450 ft below mean sea level. 
Initial Datum Temperature: 140°F at 4,450 ft below mean sea level. 
Current Datum Pressure: 972 psig at 4,450 ft below mean sea level 
as of Feb. 1, 1951. 
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Table 2— Well Sampling Data 


Total Depth: 5,380 ft. Plugged to: 5,236 ft. 
Completion: Date: Dec. 7, 1942. 
Casing Size: 6% in. 
Depth: 5,373 ft. 
Perforation: Gun perforated. 
Interval: 5,117-5,151 ft. 
Tubing Size: 24% in. 
Depth of tubing shoe: 5,160 ft. 
Packer: 5,074 ft. 
Comments: Packer set to isolate upper water sands. 
Sampling Date: May 1, 1951. 
Production Data: (During sampling) 
Tubing Pressure: 480 psig 
Casing Pressure: Not recorded 
Separator Data 


Pressure Temperature 
First Stage: None None 
Second Stage: None None 


Tank: 

Oil and Gas Rate 
First Stage: 
Second Stage: 
Tank: 

Gas-Oil Ratio: 


Not recorded Not recorded 


None 

None 

Not recorded 

5,646 cu ft per bbl 

Tank Oil Gravity: 34.3° API 

Water: Trace 

Comments: Production rates during sampling period: 
Gross Fluids — 74.4 B/D 
Total Gas — 420 Mcf/D 


pressure taken at the time the above properties were meas- 
ured, an estimate can be made of the reservoir fluid properties. 
The formation volume factors and solution gas-oil ratios can 
be determined for any condition using the correlations of 
Standing,” Borden and Rzasa,* Katz.” or Standing and Katz.” 
The gas and liquid viscosities, gravity of the gas liberated, 
gas deviation factors, gas formation volume factors, and two 
phase formation volume factors may be obtained as outlined 
in “minimum” PVT requirements. 
Graphical representation of the data obtained from these 
correlations can be extrapolated to cover future conditions. 


SAMPLE RESERVOIR PVT ANALYSIS 


The following PVT report is an example of a practical 
analysis. The results are based on all of the previously stated 
“minimum” PVT requirements with some of the elements of 
the “ideal” PVT requirements. 

The recombined sample was obtained from a reservoir hay- 
ing a primary gas-cap. Initial reservoir pressure and tempera- 
ture conditions were 2,762 psig and 140°F, respectively. 

Separator gas was added to the separator fluid charged into 
the test cell in measured amounts until the recombined sample 
showed a bubble point of 2,730 psig at 140°F. The formation 
volume factor at these conditions was 1.2522 bbl reservoir 
oil per barrel of tank oil. The solution gas-oil ratio was 603 
standard cu ft of gas per barrel of tank oil. 

A portion of the recombined sample was introduced into a 
rolling ball viscosimeter where the viscosity of the liquid 
phase as a function of pressure was measured. 

The system in the cell was then separated under flash con- 
ditions at the reservoir temperature of 140°F. Following these 
tests, the differential and composite liberations were simul- 
taneously performed. Trapping conditions used in the compo- 
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site method were 100 psig and 80°F for the separator, and 
0 psig and 80°F for the tank. 

From the data (Tables 1 through 4) curves were constructed 
(Figs. 1 through 6). It is to be noted that only three points 
were determined by the composite method. The general form 
of the composite liberation curves was dictated by the three 
points obtained and the shape of the differential curves. The 
shape of the composite curves in the under-saturated area 
was determined by the linear relationship of the differential 
curve; an offset was made to allow for the different final 
properties. The symbols, abbreviations, and subscripts used are 
those given in the appendix. 


Material balance techniques were used in conjunction with 
the PVT data to calculate the tank oil originally in place in 
the reservoir. The equation employed, production data used, 
and results obtained are shown in Table 6. Note that at a 
pressure of 2,070 psig the tank oil initially in place for the 
composite data was 292.9 x 10° bbl against 231.8 x 10° bbl for 
the differential data, at a pressure of 1,560 psig a similar differ- 
ence was noted. The magnitude of the difference obtained 
between the two types of calculations. shows the necessity of 
using liberation data that approximates conditions during the 
production sequence. 


PHYSICAL ANOMALIES IN THE PETROLEUM 
RESERVOIR AND THEIR EFFECT ON 
USE OF PVT DATA 


It is recognized that pressures and temperatures vary with 
structural position throughout a pool. Even when these prop- 
erties of the reservoir are corrected to a fixed datum, variation 
is noted. These anomalies immediately pose problems with 
regard to the use of PVT data. It is common to obtain an 
average pool temperature and pressure by volumetrically or 
areally weighting these properties corrected to a datum; these 
average values are then used with the laboratory data in 
reservoir calculations. 


A number of authors have noted that the properties of 
fluids in one reservoir are not constant through its entire 
extent. This is particularly true of pools with considerable 
closure.””"“* For example, in the fifth zone of the Newhall- 
Potrero field in California” a variation of tank oil gravities 
from 25° API downstructure to 39° API upstructure within a 
closure of over 2,000 ft has been noted. Variation in properties 
of samples from various structural positions in the Weber sand- 
stone reservoir, Rangely field, Colorado, has been noted.” In 
the Weber reservoir the bubble point pressures were found 
to vary from 2,560 psia to 1,960 psia over 840 ft of relief; 
similar variations were noted with respect to solution gas-oil 
ratio, formation volume factor, and properties of the liberated 
gas phase. 

Such findings as these were predicted by the work of Sage 
and Lacey. Their theoretical thermo-dynamic calculations 
when converted to an adiabatic basis would most probably 
check closely the results obtained in the Rangely field. Their 
findings indicate that such a gradation of properties represents 
more a condition of equilibrium than a situation of non-equili- 
brium. Sage and Lacey also predicted that a stratification of 
densities and properties with structural position would occur 
in the gas cap of a reservoir; while such a condition has not 
yet been proved to exist, lack of gas-cap sampling may be 
the reason. 

Such conditions emphasize the fact that analyses of samples 
from a number of wells at various structural positions should 
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Table 3 — Pressure-Volume-Temperature and 
Viscosity Data 


Type of Sample: Recombined 


Room Temperature: 80°F Barometer: 14.4 psia 


Specific 
a Specific Gravity 
Gas-Oil Ratio Volume Gas 
Differential Separation at ty, 140°F (air = 1) 
Solution’. Biberated Volume Liquid 
Separation 
psig cu ft per bbl avec esid Cents cu ft per Ib 
4964 0.02188 
44 0.6475 
4002 0.02209 
4000 
3525 0. 
3414 1.3341 0.02224. 
3183 0.5751 
2926 1.3416 0.02237 
2917 0.5589 
2748 1.3437 0.02240 
2741 0.5513 
2730 687.24 0 1.3442 0.02241 
2661 0.02258 
2620 0.5904 
2428 0.02319 
2390 0.6376 
2236 563.35 123.89 1.2973 0.6291 
2010 0.7012 
2000 0.02489 
1986 506.38 180.86 1.2733 0.6305 
1735 448.38 238.86 1.2483 0.6356 
1700 0.02685 
1600 0.8102 
1485 391.03 296.21 1.2258 0.6266 
1470 0.02908 
1314 0.03114 
1255 0.9450 
1235 340.37 346.87 1.2077 0.6271 
1194 0.03326 
1066 0.03590 
1025 1.0430 
985 282.77 404.46 1.1858 0.6449 
958 0.03884 
907 0.04062 
842 0.04290 
773 1.1617 
735 230.12 457.12 1.1645 0.6692 
565 1.2876 
435 170.77 516.46 1.1421 0.6911 
275 1.4981 
235 111.01 576.23 1.1132 0.7430 
138 1.6186 
50 49.63 637.61 1.0797 0.9815 
0 0 687.24 1.0425 2.1916 Messe) 


Gravity of Residual Oil at 60°F: 35.7° API 
Gas-Oil ratio based on volume of gas released and final residual oil 
corrected to 60°F and 14.7 psia. 
Vo/Vresia at 14.7 psia and 60° = 1.00 


be considered before making any reservoir study. Where sufli- 
cient test data are not available, the correlations of Standing” 
or Borden and Rzasa™ may be helpful. 

Correction of PVT data for such structural anomalies has 
been suggested. One method” involves weighting the PVT data 
from wells at various positions on the basis of the tank oil 
originally in place. Selection of one PVT analysis considered 
representative of an entire pool is another way of correcting 
for structural variation of the properties of the reservoir fluids. 
Such methods immediately imply that more than one well 
has been sampled or that production data and fluid property 
correlations haye been employed. 


Since the properties of the reservoir fluid vary with structural 
position in the pool, it is reasonable to assume, and it has been 
observed, that the specific gravity of the gas liberated from 
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Table 4 — Reservoir Oil — Composite Liberation 
(Gas and Oil Separator Tests ) 


Reservoir Data Gas-Oil Ratio Gravity 

k Gravit olume 

Pressure Tank Oil ‘Gas 4 Factor 

B, 

2730* 140 566.3 36.7 36.4 0.6744 1.2552 

1986 140 403.3 40.6 36.6 0.7259 yey 

511 140 136.8 58.5 36.6 0.7547 1.0776 
At pressures above bubble point pressure 

3414 140 1.2428 

2926 140 1.2518 


*Bubble Point Pressure 
NOTE: Separator Conditions 100 psig and 80°F 
Tank Temperature — 80°F 
Tank Pressure — 0 psig 


solution in the reservoir oil at different pool positions varies. 
When reservoir gas correlations are used to obtain other gas 
properties, it is important that a representative average gas 
gravity be used. The methods for obtaining an average value 
are similar to those described with respect to the reservoir 
liquid phase. 

While no factual evidence supports the premise that a 
density stratification with structural position occurs in a gas 
cap or gas reservoir, there are no conclusive data to refute this 
assumption. Such variations, if they occur, will be important 
because the size and behavior of the gas cap are important in 
the recovery of oil from the reservoir.” ” 


Little study has been made of the changes in properties of 
a gas cap during the depletion of a pool. It is known that the 
specific gravity of the gas differentially liberated from the 
reservoir fluid increases as the pressure decreases. Some of 
this solution gas migrates to the gas cap or forms a secondary 
gas cap. It then is easy to see that the gas cap in any reservoir 
would vary with respect to properties during depletion. Yet, 
as far as the authors know, such a variation has not been 
considered in any reservoir calculations. 


Similarly the variation of gas cap properties has not been 
considered, to the author’s knowledge, in fields where gas 
injection is being employed. It is generally agreed that the 
drier and lighter gas injected into the pool partly migrates 
to the gas cap. The composition of this injected dry gas, which 
is diluting the existing gas cap, is not similar to that of the 
gas liberated from solution in the reservoir oil. Again the 
importance of testing samples from the reservoir gas cap is 
apparent. Data on the variation of the properties of the gas 
cap with pressure decline would be of considerable use in 
calculations of future productivity. 


SUGGESTED FUTURE INVESTIGATION 


The errors involved in present methods of PVT analysis 
| ave been discussed. One of the most important errors results 
from lack of knowledge as to the nature of the gas liberation 
occurring in the formation. Correlation of relative permeability 
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Table 5 — Compressibility and Specific Velume Data 
Type of Sample: Recombined 


Specific Volume 
At Bubble Point Conditions: 2,730 psig and 140°F 
Measured: 0.02241 cu ft/lb 


Calculated by Composition: 0.02190 cu ft/lb 


Calculated by Flash Vaporization: Not Run 
Calculated by Stage Separations 
at 100 psig and 0 psig 0.02119 cu ft/lb 


Unsaturated Oil Above Bubble Point Pressure 
Specific Volume at 4964 psig and 140°F: 
Thermal Expansion: Not run 
Compressibility at 140°F: 

from 2,730 psig to 3,414 psig. 10.937 x 10°° bbl 
per bbl per psi 

from 3,414 psig to 4,002 psig. 11.880 x 10° bbl 
per bbl per psi 

from 4,002 psig to 4,964 psig. 9.815 x 10°° bbl 
per bbl per psi 


0.02188 cu ft/Ib 


Table 6 — Material Balance Computations Using 
Composite and Differential Liberation Data 


Equations used (all symbols are defined in the appendix) : 


(OF ( 


B,— Big 


Bye )+ (Uo | = 0,| (Sp —Sio) By 


Wiis — Bite (2) 
U.=Bo+ B, (4) 
SS (Sea Be (5) 
Pr 520 5.62 
Pressures : 
QUANTITY* 2070 psig 1560 psig UNITS 
m 0.170 0.1770 
acre feet, 
Os 11.20 x 10° 18.50 x 10° bblro 
Wr 0 0 bbl 
Gs 34.26 x 10° 67.08 x 10° std cu ft 
Sp 3059 3626 cu ft 
WV, 0.7950 x 10° 1.249 x 10° bbl 
Tank Oil O,** 
(calculated ) 292.9 x 10° 275.6 x 10° bblvo 
Differential * * 
O; (calculated) 231.8 x 10° 229.2 x 10° bblresia 


*All PVT data used in computations are obtained from Tables | to 
5 and Figs. 1 to 5. 


**For this material balance Uiw = 1, Sw = 0, Uw = 1, 
Sar =) W = () 


and phase behavior studies would give much valuable informa- 
tion in this regard. These studies may show that reservoir 
evaluation can be made on the basis that thermodynamic 
equilibrium attains in the reservoir; or conversely they may 
permit the magnitude of the error involved in this assump- 
tion to be approximated if equilibrium does not occur. 

That the properties of reservoir oil vary with structural posi- 
tion has been pointed out. Further studies of this condition 
would be valuable to the industry. Whether this variation 
represents a condition of equilibrium or non-equilibrium also 
should be investigated. 

Properties of the vapor phase existing in the gas caps of 
yarious reservoirs should be studied. Present assumptions in 
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regard to gas-cap properties may be quite inaccurate, partic- 
ularly where gas injection operations are occurring. 

No determination of the physical behavior of a reservoir fluid 
as far as the authors know has considered the effect of gas 
injection on the results of the analysis. An answer to the ques- 
tion of whether the present methods of approximating reservoir 
gas liberations are applicable when gas of non-equilibrium 
composition is coming in contact with the oil (i.e., by-passing) 
would be extremely helpful in laboratory work and in the 


application of the results of laboratory tests. 


NOMENCLATURE 
Symbols 
Quantity Units Symbol 
Cumulative production Barrels O, 
of stock tank oil 
Cumulative production Barrels 
of water 
Deviation factor for gas None Z 


Formation volume factor 


1. Single phase Barrels reservoir space B 
per stock tank barrel 
2. Two phase Barrels reservoir space U 
per stock tank barrel 
Gas-oil ratio 
1. Cumulative produced Standard cubic feet per S5 
gas-oil ratio barrel stock tank oil 
2. Solution gas-oil Standard cubic feet per  S, 
ratio barrel stock tank oil 
Pressure - absolute Pounds per square inch JP 
Ratio of original reservoir gas_ Barrels of gas at reser- m 
cap volume to original vol- voir conditions per 
ume of reservoir oil barrel of oil at reser- 
voir conditions 
Change in reservoir pore vol- Barrels IV sa 
ume due to rock compaction 
Solution ratio of Standard cubic feet per ‘Se 
gas in water volume of water at 
standard conditions 
Space occupied in the reser- Barrels reservoir space Bs 
voir by 1 volume of gas at per standard cubic foot 
standard conditions 
Stock tank oil volume in place Barrels O 
at any time 
Temperature - absolute Degrees Rankine ih 
Volume Barrels, standard cubic V 
feet 
Water encroachment - gross Barrels ee 
Water at standard conditions Barrels W 
in place at any time 
*A negative numerical value in most cases as a reduction is shown, 
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Subscripts 
Quantity Units Symbol 
Encroached - gross value E 
Gas g 
Initial conditions i 
Oil 0 
Reservoir conditions R 
Residual oil Product of differential resid 
or flash liberation 
Sand sd 
Tank oil Product of composite TO 
liberation 
Time after original No subscript shown ex- 
cept where more than 
one subsequent time 
is considered, in 
which case use num- 
bers 1 denoting origi- 
nal conditions, 2 first 
time after original, 
etc. 
Water Ww 
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DISCUSSION 


By William L. Boyd, Continental Oil Co., Ponca City, Okla. 

It is generally acknowledged that little is known concerning 
the exact nature of gas liberation from a solution-gas drive 
oil reservoir. The composite liberation as suggested by Dodson, 
et al, and the standard differential liberation are laboratory 
methods to approximate the true liberation sequence as it 
actually occurs in the production process. In applying these 
data to reservoir engineering calculations, one would prefer 
to use the laboratory data which more nearly approximates 
the true liberation sequence. 


Differential liberation as performed in the PVT labora- 
tory is approached by the true liberation sequence only in 
the intermediate stage of pressure depletion after the relative 
permeability to the reservoir gas is such to allow the flow of 
gas along with the oil so that the rate of gas production equals 
rate of gas liberation in the reservoir. Even this is not entirely 
correct, as the flowing gas in the reservoir is the gas which 
was in equilibrium with its originating oil and not necessarily 
the oil flowing toward the well bore. 

On the other hand, the composite liberation makes the 
assumption of differential liberation in the reservoir plus a 
flash liberation of the oil through the flow string and sep- 
arating equipment. This method assumes that the flowing gas 
from the primary or secondary gas cap (the differentially 
liberated gas) never comes in contact with the produced oil 
and its solution gas. This type of reservoir behavior is 
obtained in the primary stages of depletion of a solution- 
gas drive reservoir where gas saturations are not large enough 
to permit the flow of gas. 

One 
behavior, the 
liberation sequence 


reason that in actual reservoir 
volume factor curve for the true 
follow the laboratory composite 


therefore, 
formation 
would 


could, 
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liberation method during approximately the first third of 
pressure depletion below the bubble point, breaking up toward 
the differential liberation curve during the second third of 
pressure depletion where gas is being removed approximately 
as fast as it is liberated in the reservoir, and during the 
last third, the formation-volume probably would remain well 
above the composite liberation curve and probably closer to 
the differential liberation curve since large quantities of com- 
paratively dry (largely methane) reservoir gas would be pass- 
ing through the surface separators in intimate contact with 
the oil, causing an abnormal amount of shrinkage of the 
separator oil. There is no discussion in the paper of this 
last effect (large amounts of excess gas production above 
the solution GOR) on the formation-volume factor of the 
oil during the last stages of depletion; in fact, it is neglected 
in the laboratory method. 


Since the formation volume factor is by definition a ratio 
of an end product (either tank oil or residual oil) to a 
reservoir volume of oil, it is difficult even to theorize on 
the shape of the curve throughout the true liberation sequence 
as the absolute values depend upon an exact duplication of 
the reservoir production process. At least the composite libera- 
tion method proposed by Dodson, et al, goes a step further 
along this line in that it considers the tank oil as a variable 
instead of a constant which is the manner in which the 
residual oil is used in the differential liberation method. 


It should be well to remember that neither of the laboratory 
methods can exactly duplicate the actual behavior of the 
solution-gas drive reservoir and the limitations of both of 
these methods should be kept in mind. 


With reference to Fig. 2 of the paper (solution GOR 
curve), the curve obtained by the composite liberation gives 
the solution GOR at surface conditions, however, only 20 to 
25 per cent of this oil ever experiences these conditions. The 
remaining 75 to 80 per cent of the oil remains in the reservoir 
and is best represented by the differential curve, i.e., gas 
in solution at reservoir pressure and temperatures instead of 
separating conditions which are at much lower pressures 
and temperatures. 

It should be mentioned also that there can be no com- 
parison between the two curves illustrated in Fig. 5. Naturally, 
the specific gravity of the composite liberation gas is higher 
than the differentially liberated gas because the pressure- 
temperature conditions are entirely unrelated. Without close 
inspection, the graph would lead one to believed that the 
composite liberation gas specific gravity was 0.73 in the 
reservoir at 200 lb, whereas, it is really the specific gravity 
of the solution gas liberated at 100 lb to 0 lb at 80°F 
from the oil which was removed from the reservoir at 2000 Ib. 
As such, these data could not be used in the conventional 
material balance calculation. 


The foregoing comments are not meant to detract from 
the data as presented in this paper, but to point out some 
of the difficulties in applying correctly these, or any other 
set, of laboratory PVT data to reservoir engineering problems. 


AUTHORS’ REPLY TO MR. BOYD 


Boyd’s discussion is appreciated by the authors. 

The section of the paper titled “Types of Gas Liberation 
and Application of Data Obtained from These Liberations to 
Reservoir Problems” discusses the formation liberations oceur- 
ring at various conditions of gas saturation. The differential 
vaporization has been considered most representative of the 
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formation liberation. However, before equilibrium gas satura- 
tion is reached, where the oil is of a highly volatile nature, 
or where the producing gas-oil ratio is in excess of the 
solution gas-oil ratio, the differential process is not completely 
representative of the formation liberation. 


At conditions below the equilibruim gas saturation, a flash 
liberation best represents the formation process. Special tech- 
niques must be used to simulate the formation liberation 
when the reservoir contains oil of high volatility; the paper 
of Cook, Spencer and Bobrowski (ref. 34 above) outlines a 
method that will approximate the formation vaporization under 
such circumstances. 


Conservation of reservoir energy usually dictates that no 
well or pool will be produced at gas-oil ratios greatly exceed- 
ing the solution gas-oil ratio. However, during production of 
depletion type pools and when gas is being injected into 
the reservoir, the gas-oil ratio sometimes may be high. Under 
these circumstances the differential vaporization is not en- 
tirely representative of the formation liberation because a 
unit volume of oil produced or remaining in the reservoir 
comes in contact with amounts of gas that are in excess of 
those which the volume of oil would evolve during pressure 
decline. The gas under such circumstances generally is moving 
much more rapidly than the oil and there is probably in- 
sufficient flow agitation to allow attainment of equilibrium. 
While the differential liberation is not completely repre- 
sentative of the reservoir process in such instances, it rep- 
resents the formation vaporization more closely than any 
other type. 
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A flashing of the produced oil will occur during the flow up 
the tubing and through the separators and tanks. If large 
amounts of gas are produced with the oil in the field, make-up 
gas can be injected into the auxiliary cell in the laboratory 
along with the differentially liberated oil to make the flash 
trapping stage of the composite liberation more representative. 


The liberation to which any produced oil is subjected is a 
composite of the vaporization in the formation and _ that 
occurring from well bore to stock tank. This dual process 
of vaporization occurring during production must be con- 
sidered in any laboratory technique seeking to similate actual 
production. 

It is recognized that the oil residual in the reservoir does 
not undergo the composite vaporization. However, material 
balance techniques commonly involve the tank oil in place 
at any time despite the fact that all this oil in place actually 
will not be produced to the stock tanks. Such balance cal- 
culations, therefore, must use volume data that is based 
on tank oil. 

Boyd is correct in his statements about Fig. 5. It also 
is to be pointed out that the gas formation volume factor, 
B,, used in the material balance is calculated using differential 
gas gravity data only. B, enters the “Schilthius” type material 
balance equation only in conversion of the volume of the 
gas cap to surface conditions. Since the gas cap is composed 
of differentially liberated gas and the original free gas 
(except under circumstances of gas injection), it is felt the 
volumetric behavior of the gas cap is best represented by 
differential data. 
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EFFECT OF PRESSURE AND TEMPERATURE 
ON OIL-WATER INTERFACIAL TENSIONS 
FOR A SERIES OF HYDROCARBONS 


M. E. HASSAN, DEPARTMENT OF MINES AND QUARRIES, CAIRO, EGYPT; JUNIOR MEMBER AIME; 
R. F. NIELSEN AND J. C. CALHOUN, THE PENNSYLVANIA STATE COLLEGE, 
STATE COLLEGE, PA., MEMBERS AIME. 


ABSTRACT 


An apparatus was constructed for the measurement of inter- 
facial tensions over a range of temperatures and _ pressures. 
This apparatus utilized the pendent drop method, and re- 
sembles in construction similar apparatus recently described 
in the literature and in use in some petroleum research 
laboratories. The interfacial tensions of benzene, propane, 
n-pentane, n-hexane, n-octane, and iso-octane against water 
were measured at temperatures ranging from 26° to 82° C 
and at pressures ranging from 1 to 204 atm. Values of 
interfacial tensions for the hbenzene-water system and their 
variations with temperature and pressure are generally in 
good agreement with values of previous investigations. 

The data in all cases showed a slight decrease of interfacial 
tension with pressure at constant temperature in the range 
studied. The effect of pressure became less as the pressure 
was increased, with an indication of a reversal of the effect 
at higher pressures. There was a decrease of interfacial tension 
with temperature at constant pressure in all cases, as would 
normally be expected. This rate of decrease became greater 
the higher the temperature. 

A general equation is presented for the interfacial tensions 
as a function of pressure and temperature over the range 
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studied, and the constants calculated for each system. A 
definite trend was found in the effect of molecular weight 
on the interfacial tension at a given temperature and pressure, 
for the homologous series from propane to n-octane. Data for 
n-decane from the literature fitted well into this trend. 


INTRODUCTION 


It has been recognized for many years that surface forces 
play an active part in the production history of an oil 
reservoir as well as in determining the amount of unrecover- 
able oil. The magnitudes of these forces are governed by 
the values of the interfacial] tensions. These vary greatly 
with composition, pressure, and temperature. The effect of 
composition is greater than that of pressure and temperature 
over the ranges normally encountered. In fact, because of 
the variety of compounds present in a crude, no attempt has 
yet been made to correlate crude composition with its surface 
tension or with its interfacial tension against water. The 
amount of dissolved methane greatly affects the surface prop- 
erties of an oil, and there are “surface-active” compounds 


in crudes which have a much greater effect on boundary 
tensions than do equal amounts of hydrocarbons. 
The purpose of the present work was partly to contribute 


data that would eventually be used in correlations applicable 
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to petroleum, and partly to construct precise and adequate 
equipment for future measurements. It was decided to limit 
the investigation to pure liquid hydrocarbons. 


A review of the methods used for interfacial tension measure- 
ments at high pressure and a range of temperatures indicated 
that the pendent drop method was the most satisfactory. This 
method has been used, for instance, by Hough, Rzasa, and 
Wood’ in the Stanolind Research Laboratories. 


The pendent drop method is based on the shape and size 
of the profile of a hanging drop, coupled with a knowledge 
of the densities of the two fluids at the experimental con- 
ditions. The basic equations of this method were derived by 
Bashforth and Adams.’ The method was further developed 
by Andreas, Hauser and Tucker.’ The latter authors prepared 
accurate tables, based on experiment, from which the inter- 
facial tension may be calculated from certain measurements 
on the drop. They define a “shape factor” S as d/D, where 
D is the maximum diameter, and d is the diameter at a 
vertical distance from the apex equal to the maximum 
diameter. Their tables contain values of the reciprocal of a 


function H, defined by: 


oft 

where Ap is the density difference for the fluids, g is the 
acceleration of gravity, and y the interfacial tension, all in 
c.g.s. units. Values of 1/H are given as a function of S, the 
shape factor. Niederhauser and Bartell later calculated more 
accurate tables than those of Andreas, Hauser, and Tucker. 
To obtain accurate interfacial tension values D, d, and Ap 
must be measured accurately. The diameters are usually 
determined by forming an enlarged and undistorted picture 
of the drop profile on a photographic plate or film. The 
magnification can be determined by including the tip in 
the photograph, the size of the tip being known from microm- 
eter measurements. Densities must be known from accurate 

PVT measurements on the substances used. 
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APPARATUS 


The High Pressure Cell 


The basic design of the cell used in this study follows 
that of other investigators. However, a two-windowed cell 
was preferred for the reason that direct illumination of the 
drop, rather than illumination from behind, might produce 
reflections that would change the appearance of the drop 
profile. The cell body (Fig. 1) is a hollow cylinder 5% in. 
in diameter and 4 in. long, machined from a rod of 18-8 
chrome stainless steel Type 303. Stainless steel was used so 
that the cell would possess adequate structural strength and 
resist corrosion. This is of importance since these factors 
can seriously affect the values of the interfacial tensions of 
the systems being studied. The windows are standard optical 
flats 0.5 in. thick, 30 mm in diameter, of the type usually 
used as gauge blocks and secondary micrometer testing 
standards. They are attached to stainless steel seats by means 
of stainless steel retainers that screw into the seats. The sides 
of the seats that are in contact with the glass are highly 
polished to the degree of almost optical flatness, since the 
glass is in direct contact with the metal seat. No gasket has 
been used for fear of unequal strains in the windows that 
might cause them to break. This feature of the design is 
similar to that suggested by Poulter’ and Bridgman,’ and 
has been used successfully at high pressures without any 
reported leak or failures except at pressures below 500 psi.” 

To provide a tight seal and prevent leaks through the 
annular space between the seats and the cell body, anti- 
extrusion “o” rings were used. These rings are especially 
designed for use in high pressure cells. They consist of 
ordinary “o” rings with leather gaskets on both sides. The 
assembled seats with the “o” rings are followed by steel 
flanges to hold them in place. These flanges are provided 
with “o” rings to prevent water leakage from the bath 
to the cell. 

The tip (Fig. 1) from which the drop is suspended is 
made of stainless steel. It has a capillary hole 0.047 in. 
in diameter. It is designed so that it can be dropped into 
the proper position and then followed by high pressure 
fittings, permitting ready interchange of tips without disturb- 
ing the cell windows. The tip is also provided with an “o” 
ring to prevent leakage past the space between it and the 
body of the cell. 

Since the liquids whose interfacial tensions were studied 
are of lower density than the surrounding fluid (water), the 
cell was inverted. However, it can be rotated 180° in its 
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FIG. 3— WATER BATH WITH CELL IN PLACE. 


mounting to study drops of a fluid of higher density than 
that of the fluid surrounding the tip. A tap of fairly large 
diameter, with a straight thread and seat to fit a plug, 
facilitates filling and emptying the cell. The cell has been 
designed for ease of assembly and cleaning. 

It should be mentioned that the window system used in 
the design of this cell disqualifies the use of the equipment 
for the study of liquid drops formed in a surrounding gas 
phase because the windows are not gas tight except at 
extremely high pressures. However, to study boundary tension 
at liquid-vapor interfaces the liquid phase can be placed 
in the cell, and the “drops” of vapor or gas can be formed. 


Drop Forming System 


The system that has been used to form the drops is 
essentially that of Hauser and Michaels’ and is shown in 
Fig. 2. It consists of three thick-walled stainless steel (Type 
304) cylinders, 144 in. OD and % in. thick. Stainless steel 
end plugs machined to fit American Instrument Co. super- 
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pressure fittings were screwed and soldered to both ends 
of the cylinders. The upper plug of the cylinder containing 
the hydrocarbon was made to receive two fittings in order 
to facilitate filling and emptying of the cylinder. Two cylinders 
are threaded the whole length on the outside and each is 
provided with two nuts so that they can be raised or lowered. 
Capillary stainless steel tubing 1/16 in. OD is used to connect 
the various cylinders and the cell together. Cylinder 3 is 
connected to a pressure generator at one end and to the 
cell at the other. Cylinder 2 is connected to the same pressure 
generator at the top, while its lower end is connected to 
the lower end of Cylinder 1. One of the fittings in the upper 
plug of Cylinder 1 is connected to the filling plug and the 
other to the cell. Cylinders 1 and 2 form a differential 
necessary to form the required drop. Mercury is used to 
transfer the pressure to the cell and the hydrocarbon reservoir. 


The hydrocarbon liquid is placed above the mercury in 
Cylinder 1. and is led through the stainless steel capillary 
tubing to the drop forming tip in the cell. In order to pro- 
duce a differential pressure necessary to form the drop, either 
Cylinder 2 is raised or Cylinder 1 is lowered. 


Thermostat Bath 


The system used for temperature maintenance is shown 
in Fig. 3. It consists of a water bath made of sheet metal, 
surrounded by a plywood box, the intervening space being 
filled with granulated cork as an insulator. The brass tubes 
which form part of the optical system (see below) are fitted 
with “o” rings, which in turn fit into the larger brass tubes 
soldered to the walls of the bath. To minimize corrosion, the 
bath liquid consisted of a 0.1 per cent solution of sodium 
chromate with a pH of 7. A heater, relay, and thermo- 
regulator maintain the bath at the desired temperature within 


The Optical Systems 


One of the major difficulties in the pendent drop method is 
the design of the optical system. Two alternatives appear for 
obtaining results with high precision. The first is to produce 
large photographs and make measurements by simple means. 
This necessitates the use of cumbersome appartus. The sec- 
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FIG. 5 — INTERFACIAL TENSIONS FOR THE WATER-BENZENE SYSTEM. 
DOTTED LINE SHOWS DATA OF MICHAELS AND HAUSER AT 23.25°C. 


ond is to take small pictures and make measurements with 
highly specialized equipment. Between these two limits there 
must lie a region wherein drop images can be produced so 
that neither large-scale photographic equipment nor sensitive 
measuring devices need be employed. In designing the optical 
system used in this study, such a compromise was sought. 
This might have been at the expense of the degree of ac- 
curacy, but it is believed that this is overbalanced by the ease 
of measurement and speed of operation. 


The system used consists of an ordinary photographic 
camera equipped with a Wirgin lens, 75 mm. This lens is 
intended for use in cases where increased depth of field 
and wider coverage are considered more important than good 
definition at the corners of the film. It works equally well 
at all distance-settings from infinity to about four focal lengths. 

As shown in Fig. 4, the lens is used in a reverse manner, 
i.e., the side that ordinarily faces the film is facing the object. 
It is attached to the camera by means of an aluminum tube 
about 5% in. long. 

An achromatic lens of focal length 7-3/32 in. and diameter 
2-1/64 in. is used to focus the parallel incident rays into 
the center of the camera lens. This produces an image of 
the source of light in the middle of the camera lens which 
is placed at a short distance from the objective. An ordinary 
projector lamp of 500 watts is used as a source of light. It 
is connected to a variable-voltage transformer to change the 
intensity. The lamp is placed in the focus of a double convex 
lens, 82 mm in diameter; this lens and the achromatic lens 
are mounted in a brass tube. The use of photographic films for 
recording drop profiles is desirable, since errors due to dis- 
tortion and shrinkage during the process of making positive 
prints is eliminated. Kodak Safety Film Super Panchro- 
Press, Type B, was used. The magnification obtained by 
this method is of the order of eight to nine diameters. Photo- 
graphs are made with full opened diaphragm and with 1/25 
of a second exposure. 

The entire camera assembly is mounted by means of two 
strap clamps on a movable bed. It can be moved back and 
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forth for focussing by means of a rack and pinion. The rear 
strap clamp on the movable bed also serves to lock the 
sliding tube carrying the plate holder. A thumb screw at the 
front of the camera platform locks the bed after focussing 
is complete. 


MATERIAL USED AND PROCEDURE 


One of the serious limitations imposed on this study is the 
lack of reliable data about the compressibility coefficients 
and thermal expansion coefficients of the hydrocarbons. These 
coefficients are necessary to determine the densities of the 
phases at the elevated temperatures and pressures. This study 
has been confined to the following hydrocarbons: benzene, 
iso-octane, propane, n-butane, n-pentane, n-hexane, and 
n-octane. Benzene of the highest purity, free from thiophenes 
purchased from Fisher Scientific Co. was used. “Extra pure” 
n-butane, 99.9 per cent, and “extra pure” propane, 99.9 
per cent were purchased from Matheson Co., Inc. Iso-octane 
of high purity was purchased from Phillips Petroleum Co. 
This grade is used as reference fuel in knock test engines. 
N-hexane, 99 per cent and n-octane, 98+ per cent were 
obtained through the courtesy of M. R. Fenske, Director of 
the Petroleum Refining Laboratory, The Pennsylvania State 
College. 

The reservoirs and the cell were first cleaned with con- 
centrated sulfuric acid containing potassium dichromate. This 
cleaning was followed by rinses with distilled water and ethyl 
alcohol. Ninety cc of clean mercury were put in both Reservoirs 
1 and 2. Reservoir 3 contained 20 cc of clean mercury. Reser- 
voirs 2 and 3 and the connecting tubing were filled with 
Nourse White Cream Separator Oil. Tubings connecting these 
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FIG. 7 — INTERFACIAL TENSIONS FOR THE WATER-N-BUTANE SYSTEM. 


two reservoirs to the pump were also filled with the separator 
oul. Reservoir 3 was subsequently connected to the assembly 
cell. Reservoir 1 was filled with the hydrocarbon to be tested. 
In the case of n-butane and propane, the cylinder was con- 
nected to the reservoir. Extreme care was taken to exclude 
all air from the system. After being filled, Reservoir 1 was 
connected to the cell. The cell was filled with deaerated and 
distilled water and placed in the water bath. 

It was considered desirable to make a temperature correla- 
tion curve to find how fast heat is transferred from the water 
bath to the inside of the cell. Thus, with a thermometer inside 
the cell and another in the water bath, the bath was heated 
to a predetermined temperature. It was found that thermal 
equilibrium was established in less than 15 minutes in all 
cases. 

After the bath temperature had reached the desired value, 
Reservoirs 1 and 2 were raised or lowered until a drop of 
the hydrocarbon of satisfactory size was formed as shown 
on the screen. Valve D was then kept slightly open and pres- 
sure was applied. Valves B and C were adjusted to keep the 
size of the drop approximately constant. Valve A was always 
kept closed after Reservoir 1 had been filled with the hydro- 
carbon. In the case of propane and butane it was necessary 
to pressure the cell above the vapor pressures at the start. 
When the pressure had reached the desired value, the pro- 
jector lamp was turned off and a film holder was inserted 
in the camera. Two minutes were allowed between the appli- 
cation of the pressure and the time of exposing the film 
so that the drop would reach equilibrium. The films were 
then developed and read by means of millimeter paper. 


The degree of magnifiication was determined from the 
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size of the tip, which was measured with a micrometer. The 
tip was ground with emery cloth occasionally, hence the 
diameter was re-determined when necessary. 

Runs were made at the following temperatures: 26.6, 37.7, 
48.8, 59.9, 71 and 82.1° C and at the following pressures: 
34, 51, 68, 102, 136, 170, and 204 atmospheres. The pressure 
gauge was calibrated against a dead weight tester before 
being used and was found satisfactory in the pressure range 
used in this study. 


REMARKS ON THE TECHNIQUE 


One of the most important features of all high pressure 
cells where visual study is necessary is the design of the 
window. The design used in this study followed the one 
discussed by Poulter’ and used by others.’ The feature of 
this design is the fact that the glass is self-sealed against 
the metal seat. Although the method has been recommended 
by some investigators, the writers do not find it highly 
satisfactory. Leakage in various amounts has been noticed 
even at high pressures. It might be argued that this is due 
to the fact that either one or both surfaces (glass or metal) 
are not optically flat. However, the degree of optical flatness 
of the glass and seats was measured and they were found 
flat to less than one-half wave length of visible light. Aside 
from leakage, the windows operated satisfactorily under the 
pressure and temperature range of this study. No fracture 
or break of the windows has been noticed. 

Some difficulty was experienced at the higher temperatures 
with moisture condensing on the camera lens. A method of 
drying or ventilation of the space between the cell window 
and the lens would circumvent this trouble. 


CALCULATION AND DISCUSSION 
OF RESULTS 


The interfacial tensions for the various systems were cal- 
culated by means of Equation (1). The “shape factor” S$ 
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FIG. 9 — INTERFACIAL TENSIONS FOR THE WATER-N-HEXANE SYSTEM. 


was determined from measurements on the film and _ the 
corresponding value of H taken from the tables of Nieder- 
hauser and Bartell.’ The densities at the various pressures and 
temperatures have been obtained from the literature. The 
densities of benzene, n-pentane, n-hexane, n-octane, and _ iso- 
octane were taken from the data of Bridgman.’ The density 
of water was taken from the tables of Smith and Keyes.’ 
The density of propane is from Sage, Schaffsma, and Lacey” 
and that ef n-butane from Olds, Reamer, Sage and Lacey.” 

Since there may have been a slight difference in the degree 
of hydrocarbon purity of the materials heavier than butane, 
as compared with the samples used by Bridgman, accurate 
density determinations were made at room conditions with 
a pycnometer. Although the difference between the samples 
of this investigation and those of Bridgman were small, a 
correction factor based on relative densities at the same 
pressure and temperature was applied. 

Since the chief impurities in the sample are most likely to 
be hydrocarbons of slightly higher or lower molecular weights, 
the effect of such an impurity on the interfacial tensions was 
tested in the case of n-octane. A solution containing 99 per 
cent n-octane and one per cent n-hexane was prepared 
and the interfacial tensions determined at 48.8° C (one of 
the temperatures previously used) and the pressures previously 
used. The densities were determined by assuming the same 
coefficients as those of n-octane. That is, the density of the 
mixture was taken as 0.999 times the density of the n-octane, 
at all pressures and temperatures involved. The interfacial 
tension values were found to be the same as for pure 
n-octane within the limits of error. 

Interfacial tension values as found by Equation (1) are 
shown by the circles in Fig. 5 to 11. The trends are shown 
by the curves drawn. It is apparent that the rate of decrease 
with pressure becomes less as the pressure is increased. Cross 
plots of interfacial tension against temperature at constant 
pressure (not reproduced here) show that the rate of decrease 
with temperature in most cases becomes greater as the tem- 
perature is increased. 

The average deviation of the points from the smooth 
curves is about a terth of a dyne, a few of the points being 
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FIG. 10 — INTERFACIAL TENSIONS FOR THE WATER-N-OCTANE SYSTEM. 


off by several tenths. The amount of deviation from the curves 
is an indication of the degree of reproducibility. Absolute 
values could be in error somewhat more, as errors of 0.1 per 
cent in the densities of the heavier liquids would give errors 
of one to two per cent in the interfacial tensions calculated 
by using these densities. 

For the sake of comparison, the data of Michaels and 
Hauser are shown for benzene at 23.25° C on Fig. 5. The 
agreement with the data of the present investigation is seen 
to be quite close. 


Plotting the slopes of the iso-thermal curves against the 
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FIG. 11 — INTERFACIAL TENSIONS FOR THE WATER-I-OCTANE SYSTEM. 
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FIG. 12 — EFFECT OF MOLECULAR WEIGHT ON INTERFACIAL TENSIONS 
FOR NORMAL HYDROCARBONS AT 51 ATM. 


logarithm of the pressure indicated a linear relation. Assum- 
ing such a relation, the following empirical equation may be 
written: 

where ¥, is the interfacial tension at atmospheric pressure 
and a and 6 depend on the system and on the temperature. 
The last term would, of course, not be applicable at pressures 
less than unity. Values of a and b are given in Table I, when 
P is in atmospheres. 

One would expect some definite trend in the water-oil 
interfacial tension at a given pressure and temperature with 
molecular weight for members of a homologous series. Such 
a trend is indicated in Fig. 12 and 13. Values for normal 
decane were taken from Michaels and Hauser,* and they 
appear to fit well into the trend. Values for methane were 


Table 1 
Constants of Equation 4 (t’ = t—25, where t = °C) 

Compound a b 

14.7 — .3t’ 31 + .0016t’ .10 + .0006t’ 

68.6 — .23t’ 26 + .0025t’ .085+ .0011t’ 

CsH,, 54.1 — .06t’ 11 + ..0008t’ .041+ .0002t’ 

(CAlaly 50.3 — .027t’ .037 + .0014t’ .012 + .0005t’ 
48.9 — .05t’ .032 + .0006t’ .01 + .00027t’ 
49.5 — .07t’ .065 + .0003t’ .024+4+ .0001t’ 

C,H, .032 + .0005t’ .012+ .0002t’ 
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FIG. 13 — EFFECT OF MOLECULAR WEIGHT ON INTERFACIAL TENSIONS 
FOR NORMAL HYDROCARBONS AT 204 ATM. 


taken from Hough, Rzasa, and Wood’ and were added to the 
graphs as a matter of interest. Since all temperatures shown 
are above the critical temperature for methane, the data for 
methane are not strictly comparable with those for the other 
members of the series. 
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DISCUSSION 
By Robert G. Nisle, Phillips Petroleum Co., Bartlesville, Okla. 


The subject paper presents the results of a reservoir 
behavior analyzer study of the pressure-production perform- 
ance of five Ellenburger pools in West Texas. These five 
pools are Wheeler, TXL, Andector, Embar, and Martin. This 
laboratory has also made reservoir behavior analyzer studies 
in this area and arrived at substantially the same conclusions. 

Although the principal results of the studies made in this 
laboratory are confirmed by the results in the subject paper, 
there are certain points of difference. The points of difference 
are (1) the subject paper includes the Martin pool in the 
common aquifer, whereas our studies indicate that it is not, 
and (2) the subject paper concludes that the effective aquifer 
is considerably smaller than that dertved from studies made 
in this laboratory. 

In terms of reservoir analyzer data, our rejection of Martin 
is based on the inability to obtain a satisfactory match of the 
pressure curve when Martin is considered as lying within 
the common aquifer. A satisfactory match was possible, 
however, when Martin was run as an isolated pool. This indi- 
cates that the pressure disturbance resulting from production 
at Martin had not reached Embar, Andector, TXL, or Wheeler 
at the time of our study. A similar situation exists relative to 
Dollarhide. 

In terms of geological data, our rejection of Martin is 
based on the presence of a faulted zone between Martin and 
Embar. This condition is indicated in Fig. 4 and again in 
Fig. 10 of the subject report. If a permeable connection be- 
tween Martin and the other fiekds does exist, it is probably 
by way of a detour around this fault. 


The second point of difference between the two studies is 
illustrated by a comparison of Fig. 4 of the subject paper 
with Fig. A. Fig. A is obtained from an internal report on 
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one of the studies made by this laboratory. It will be noted that 
the area indicated in Fig. 4 is roughly that marked “Pool 
Unit” in Fig. A. The additional portion of the aquifer shown 
in Fig. A was simulated on the reservoir analyzer by means 
of the water drive network. A satisfactory pressure match 
could not be obtained without this additional network. The 
differences involved here stem from a more fundamental 
consideration concerning reservoir analyzer operating tech- 
niques. The true source of these differences in reported results 
cannot at this time be determined because of the incom- 
pleteness of the subject paper. It is not stated, for instance, 
whether the pressure match was induced by altering the field 
resistance or the field capacitance, or both. Changing analyzer 
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network resistances is equivalent to changing the permeability 
of the reservoir rocks. A change in the network capacitance 
is interpreted as a change either in effective fluid compres- 
sibility or pore volume. Alternatively, the capacitance may be 
held constant and the charge withdrawal rate (current) may 
be changed to simulate differences in effective fiekd capac- 
itance. It is apparent, therefore, that a variety of solutions 
are possible, depending on the way the simulated fluid 
resistances and capacitances are altered to induce a pressure 
match. The studies made in this laboratory used a fixed value 
of compressibility and the fluid resistance was altered to 
induce a pressure match. The value of this compressibility 
was taken to be 3 x 10° per psi, which is an average figure 
for oil field water quoted in the “Operation Manual for the 
Carter Oil Pool Analyzer,” The Carter Oil Co., Research 
Division, May, 1947. This figure was used rather than a 
weighted average of oil and water compressibility, since the 
quantity of oil present relative to the quantity of water was 
such that the compressibility was not materially affected. H a 
larger effecttve compressibility for the aquifer were used the 
smaller areal extent of the aquifer reported in the subject 
paper would be accounted for. A fuller explanation of the 
methods used to obtain the results reported in the subject 
paper would, therefore, be desirable. If it turns out that 
a value of the compressibility significantly different from that 
of oil field waters or of a weighted avarage were used, it 
would be of interest to know what justification, other than a 
satisfactory pressure match, governed the selection. 


Two other fields were considered, namely Keystone and 
Dollarhide. As for Keystone, it was found that a satisfactory 
pressure match of the remaining fields could be obtained 
as well without it as with it. As for DoHlarhide, it was found 
that an aquifer extending only 314 miles from the field was 
sufficient to obtain a satisfactory match of pressure behavior 
to the date of the study. This does not mean that the effective 
Dollarhide aquifer is only 344 miles in radius. It only means 
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that the pressure disturbance due to production at Dollarhide 
has only progressed 344 miles beyond the limits of production. 
All of this indicates that these fields may or may not lie within 
the common aquifer. In any case, the pressure disturbance 
resulting from production at these fields was not evident at 
Embar, Andector, TXL, or Wheeler at the time of the study. 

Although differences between the results of the study re- 
ported in the subject paper and the results of the studies made 
in this laboratory have been emphasized, the two are in general 
agreement insofar as the interference effects are concerned. 


AUTHORS’ REPLY TO MR. NISLE 


It is interesting to note that essentially the same interference 
effects were observed in an independent study by Nisle. The 
inclusion or omission of the Martin Ellenburger field within 
the common aquifer is a matter of interpretation. The authors 
had the benefit of additional field history which was not avail- 
able at the time of the Nisle study and could have conceivably 
influenced the decision to omit Martin from the earlier study. 

The authors do not believe that the value of compressibility 
of water used in arriving at a match of past performance 
is particularly significant in view of the possible high degree 
of uncertainty in determining the fluid in place in a low 
porosity formation such as the Ellenburger. A selection of a 
porosity of 1 per cent as opposed to 3 per cent will alter 
the fluid volumes and consequently the compressibility factors 
by a ratio of three to one. As a matter of information, at 
assumed vahies of 2 per cent porosity and 1,000 ft average 
thickness, the compressibility was 3.5 x 10“, which is in good 
agreement with the generally accepted values for the com- 
pressibility of oil field waters. kkk 
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COMPRESSIBILITY OF RESERVOIR ROCKS 


HOWARD N. HALL, STANOLIND OIL AND GAS CO., TULSA, OKLA., JUNIOR MEMBER AIME 


The compressibility of reservoir rock is a factor which is 
generally neglected in reservoir engineering calculations. This 
is due in part to the fact that there is little published informa- 
tion on rock compressibility values for limestones and sand- 
stones. Omission of rock compressibility is undoubtedly justi- 
fied in calculations for saturated reservoirs; however, in under- 
saturated reservoirs,* expansion of the rock accompanying 
decline in the reservoir pressure may be of such magnitude as 


*A reservoir in which the pressure is in excess of the bubble point 
pressure, so there is no free gas and hence completely liquid saturated, is 
referred to as an undersaturated reservoir. 

Manuscript received in the Petroleum Branch office Nov. 14, 1952. 
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to affect materially the prediction of reservoir performance. 
The effect of rock compressibility will be of most importance 
in: (1) calculation of oil in place by pressure decline data in 
undersaturated volumetric reservoirs when the limits of the 
field are unknown or indefinite, and (2) studies of natural 
water drive performance. To estimate its importance in such 
cases, a series of laboratory tests were made to obtain usable 
values for reservoir rock compressibility. 


The total, or effective, compressibility of any reservoir rock 


is a result of two separate factors, namely, expansion of the 
individual rock grains, as the surrounding fluid pressure de- 
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FIG. 1 — DIAGRAM OF EQUIPMENT USED FOR ROCK COMPRESSIBILITY TESTS. 
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FIG. 2— EFFECTIVE RESERVOIR ROCK COMPRESSIBILITIES. 


creases, and the additional formation compaction brought about 
because the reservoir fluids become less effective in opposing 
the weight of the overburden as reservoir pressure declines. 
Both of these factors tend to decrease porosity. The laboratory 
tests were conducted in a manner that would give compressi- 
bility values representing a combination of the two factors, and 
would, as nearly as possible, duplicate the behavior of the rock 
under reservoir conditions. Fig. 1] shows a diagram of the 
equipment used to determine rock compressibility. 

The rocks used in these tests were cores cut from producing 
limestone and sandstone formations. They were from 2 to 
31% in. in diameter, and 5 to 6 in. long. A core to be tested 
was completely surrounded by a Lucite jacket with the excep- 
tion of the connection at one end to allow production of liquid 
during testing. To represent the effect of the overburden, a 
constant external hydrostatic pressure of 3,000 psig was 
applied to the core throughout the test. (The amount of exter- 
nal pressure was varied in a series of tests and no change was 
evidenced in the measured compressibility values.) Starting 
at approximately 1,500 psi static fluid pressure in the core, the 
core pressure was reduced by steps of 100 to 200 psi. Precise 
measurement of liquid production was made for each decrease 
in pressure. With the equipment arrangement shown in Fig. 1, 
the measured liquid production was a result of: (1) expansion 
of the system external to the core, i.e., the gauge and lines 
leading from the core to the valve; (2) expansion of the liquid 
contained in the pore spaces of the rock; and (3) the actual 
decrease in pore space caused by rock compaction and expan- 
sion of the individual rock grains. The expansion of the system 
external to the core was accurately determined in separate 
measurements; knowing the pore space in the core and the 
compressibility of the fluid with which it was saturated, the 
expansion of liquid in the core could be calculated for any 
pressure drop. The true reduction in pore space due to the 
effective rock compressibility could then be determined by 
subtracting the two items above from the measured fluid pro- 
duction. The reduction in pore space was used to obtain the 
compressibility values for the rock. All compressibility values 
are expressed as “change in pore volume per unit pore volume 
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per psi.” To show that the Lucite jacket surrounding the core 
did not intrude into the core during the test, and thereby cause 
errors in measured compressibility values, two cores were Cut 
down from two-in. diameter to one-in. diameter and the com- 
pressibility values redetermined. The fact that almost identical 
compressibility values were obtained regardless of the surface 
to volume ratio of the core, showed that the Lucite surrounding 
the core acted only as an impermeable barrier. 

Fig. 2 shows the compressibility values obtained. It can be 
seen that there is a good correlation between rock compressi- 
bility and rock porosity. The samples tested include a wide 
variety of reservoir rocks, both sandstones and limestones, and 
cover the range of porosities existing in the majority of pro- 
ducing reservoirs. Because of the variety of rocks tested and 
the good correlation of rock compressibility with rock porosity, 
the correlation is considered to be applicable for obtaining 
usable rock compressibility values in most reservoirs. All of 
the compressibility values reported were measured at 95°F, 
and therefore, some mention should be made concerning the 
variation of rock compressibility with temperature. A Bureau 
of Mines report on rock compressibility’ described some work 
done to evaluate the variation of compressibility with tem- 
perature. Tests were made at 91°F and 146°F and it was 
found that a very small change in compressibility occurred; 
however, there was no apparent relationship between tempera- 
ture and compressibility. In view of this, no attempt was made 
in this work to obtain compressibilities at different tempera- 
tures. It should be pointed out that this correlation is not 
applicable to unconsolidated sands or highly fractured 
formations. 


The Bureau of Mines publication on the compressibility of 
consolidated sandstones’ gives results obtained when the for- 
mation compaction component of the total compressibility was 
measured on a group of consolidated sandstones. In conjunc- 
tion with the total compressibility determinations shown in 
Fig. 2, additional tests were made to determine what part of 
the total compressibility values was due to formation compac- 
tion. These tests were conducted in much the same manner as 
those reported in the Bureau of Mines work. Fig. 3 gives a 
comparison of these data. The data show that there is good: 
agreement for the formation compaction components obtained 
in these independent tests. The difference between the com- 
pressibility values shown in Fig. 2 and Fig. 3 represents the 


& T T T T 

ze : i (BUREAU OF MINES DATA) _ 

: 

fo) 2 4 6 8 


20), 22) S26 
POROSITY- PERCENT 


FIG. 3— FORMATION COMPACTION COMPONENT OF TOTAL ROCK 
COMPRESSIBILITY. 
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amount of rock expansion that can be attributed to the expan- 
sion of the individual rock grains as the pressure in the 
surrounding fluids declines. The Bureau of Mines data on 
Woodbine Sand were later used in an electric analyzer study 
of the Woodbine aquifer,? and it was shown that this com- 
pressibility value in combination with the measured formation 
water compressibility gave an overall compressibility factor 
which agreed well with a compressibility factor arrived at in 
the analyzer study in order that actual field performance could 
be predicted. Previous analyzer studies** also showed that the 
apparent water compressibility was much higher than would 
be expected for the formation water, thus indicating that the 
compressibility of the reservoir rock is of significant 
importance. 


From the plot of total compressibility of the reservoir vs 
porosity in Fig. 2, it is possible to estimate the change in pore 
space that occurs as reservoir pressure declines. The actual 
percentage change in pore space is small, ranging from one 
per cent change in pore space per 1,000 psi for the two per 
cent porosity sample tested to 0.33 per cent for a porosity of 
25 per cent. Even though the percentage change in pore space 
is small, the actual reduction in pore space represents an 
appreciable amount when compared to the oil production to 
be obtained from fluid expansion in undersaturated reservoirs. 
Unless the change in pore space is properly taken into account, 
material balance calculations on an undersaturated volumetric 
reseryoir may indicate more oil in place than is actually present 
and hence an overestimation of reserves. Basically, the method 
of estimating oil in place from pressure decline data is as 
follows: 

n 


(1) 
where 
N = oil in place, bb] of oil at reservoir temperature and 
pressure* 
n = oil production occurring during a certain AP in 
reservoir pressure, bbl of oil at reservoir tempera- 
ture and pressure 


AP = decline in reservoir pressure, psi 
C, = compressibility of reservoir fluid, change in volume 
per unit volume per psi 


The values for n and AP are measured in field operations. Due 
to the change in pore space as a result of rock compressibility, 
all of the measured oil production, n, will not be due to fluid 
expansion alone. Therefore, the change in pore space of the 
rock must be deducted from n in order to obtain the true oil 
production due to fluid expansion. Taking rock compressibility 
into account, Equation (1) becomes: 
n-NC, INE. 


C, AP 


where 
C,, = total or effective rock compressibility expressed as 
change in pore volume per unit pore volume per 


psi 
Equation (2), on rearrangement, becomes: 
n 
(3) 
AP (C, + Cz) 


If Cy, and C, are of the same order of magnitude, significant 
errors in reserve estimates can be made by not correcting for 
the effect of rock compressibility. Fig. 4 shows the importance 
of incorporating rock compressibilities in such material bal- 


*For the purpose of simplification, no connate water was as.umed. 
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FIG. 4 — EFFECT OF ROCK COMPRESSIBILITY ON OIL IN PLACE CALCU- 
LATIONS FOR UNDERSATURATED RESERVOIRS. 


ance calculations on undersaturated reservoirs. Calculations 
were made to show the ratio of calculated oil in place, omitting 
the effect of rock compressibility, to the actual oil in place. In 
all cases, it was assumed that the reservoir fluid had a com- 
pressibility of 10x 10° change in volume per unit volume per 
psi. It can be seen that the magnitude of rock compressibility 
is such that, if neglected, calculated values for oil in place in 
reservoirs covering the practical range of porosities will be 
from 30 to 100 per cent higher than the actual oil in place. 
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Note 


EFFECT OF QUICK-FREEZING vs SATURATION OF OIL WELL CORES 


FRANK C. KELTON, CORE LABORATORIES, INC., DALLAS, TEX., MEMBER AIME 


It is perhaps not widely realized that extraction and satu- 
ration processes carried out on oil well core samples alter the 
properties of these samples to varying degrees. On the other 
hand it is felt by some that quick-freezing of core samples 
increases their permeability and porosity significantly. Ac- 
cordingly, laboratory tests were carried out on 49 pairs of 
horizontally adjacent samples in order to differentiate between 
the effect of quick-freezing per se on permeability and porosity 
of the samples, as distinguished from the effect of the identical 
saturation treatment on permeability and porosity of the 
companion samples. Also, additional field data were obtained 
on comparison of frozen vs unfrozen companion samples. 


LABORATORY INVESTIGATION OF FREEZING 
vs SATURATION EFFECTS 


Procedure 


The samples used in these tests were two-cm cubes cut in 
horizontally adjacent pairs from cores from eight Gulf Coast 
and Mid-Continent wells, which cores had not previously been 
frozen. These samples were extracted with carbon tetrachloride, 
dried, and air permeabilities run in the conventional manner. 
They were then evacuated and saturated with brine of 25,000 
ppm sodium chloride content, and porosities determined by 
gain in weight. The samples were partially desaturated by 
evaporation down to an average brine saturation of 68 per 
cent. One sample from each pair was quick-frozen by covering 
with dry ice after wrapping in a single layer of paper, and 
allowed to remain frozen for about two hours; the companion 
sample from each pair was not frozen. After thawing the 
frozen sample, all samples were immersed in tap water over- 
night in order to leach out most of the brine. Air permeabili- 
ties were re-run, and the samples were again saturated with 
brine to determine a second porosity value. 


For purposes of averaging of data, the samples were grouped 
according to four permeability ranges, from 0 to 10, 10 to 100, 
100 to 1,000, and 1,000 to 3,840 md. Average permeability and 
porosity changes for the frozen vs the unfrozen adjacent sam- 
ples are shown in Table 1. 


Discussion 


As may be seen from Table 1, the averages of the per cent 
permeability increases for the quick-frozen samples ranged 
from 3.8 to 12.9 per cent among the four permeability groups. 
The average changes among the four groups of unfrozen com- 
panion samples ranged from a decrease of 0.2 per cent to an 


increase of 9.3 per cent. There was no particular correlation 
of these changes with magnitude of permeability; however, 
the increase for each group of frozen samples paralleled the 
increase for the corresponding unfrozen samples. The differ- 
ences between the two sets of values are believed to be a valid 
indication of the effect of the quick-freezing in itself, since the 
treatment of the two samples in each pair was identical except 
for freezing. 


The permeability changes which are strictly the result of 
the quick-freezing are shown in the sixth column of Table 1. 
These range from a decrease of 0.9 per cent to an increase 
of 4.0 per cent; the overall weighted average is 1.2 per cent, 
as compared to an average increase of 6.8 per cent caused by 
the saturation treatment of the samples not frozen. 


The average porosity changes are in general smaller than 
the changes in permeability, and range from a decrease of 
2.3 per cent to an increase of 3.3 per cent. The overall weighted 
average change ascribed to the quick-freezing is 1.0 per cent 
of porosity. 


Many factors can contribute to the changes in permeability 
and porosity observed when subjecting cores to the simple 
processes used in these tests. Such are: hydration and swelling 
of clay, adsorption of ions, changes in surface structure and 
wettability, expansion and compression effects due to ice for- 
mation, shrinking and cracking, leaching of salts and colloids, 
displacement of particles resulting in either blocking or en- 
larging of pore openings. Whatever particular mechanisms are 
involved, however, it is apparent not only from this study but 
also from other investigations in the literature’ not directly 
concerned with quick-freezing, that the effects produced by 
commonly used extraction, saturation and drying techniques 
may be of considerable magnitude The results of this study 
indicate that for the particular samples and techniques used, 
such effects are of the order of five to six times the effect of 
quick-freezing, insofar as changes 
concerned. 


in permeability are 

It may be argued that these samples might not include 
extremely shaly material where the effect of freezing upon 
permeability may be much greater. However, had such mate- 
rial been available for these tests, it would undoubtedly have 
been very susceptible also to alteration by the extraction and 
saturation treatment used. To investigate this point further, the 
individual sample data were re-grouped according to the 
magnitude of the average per cent permeability increases for 
the pairs of samples, irrespective of permeability. The results 


Table i — Permeability and Porosity Changes in Frozen Samples as Compared to Corresponding Changes in 
Horizontally Adjacent Samples Subjected to Identical Saturation Treatment But Not Frozen 


Average Per Cent 


Average Per Cent i 
Permeability Number of Average Permeability Change ee Average Porosity Change Gace 
Range, Sample Permeability, Frozen Unfrozen to Freezing, Porosity, Frozen Unfrozen to Freezing, 
md Seats Senin Samples Samples Per Cent Per Cent Samples Samples Per Cent 
0-10 15 6.1 1.0 -0.9 10.0 
10 - 100 5 32 3 —0.2 4.0 18.4 0.0 —0.1 0.1 
100 - 1,000 14 546 12.9 9.3 3.6 19.1 1.0 —0.8 1.8 
1,000 - 3,840 15 1,636 6.7 6.5 0.2 21.6 -1.9 —2.3 0.4 
Weighted Averages: 8.0 6.8 12 0.7 —0.3 1.0 
812 
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Table 2—Permeability Changes of Frozen vs Unfrozen 
Samples, Grouped by Size of Average Permeability 
Change 


Range of Number Average Per Cent Permeability 
Average of Permeability Change Change Due 
Permeability Samples Frozen Unfrozen to Freezing, 
Change in Group Samples Samples Per Cent 
< 2% 20 0.8 —0.2 1.0 
2- 5% 10 4.5 4.1 0.4 
59-15% 7 9.4 7.9 159 
15- 30% 12 22.0 20.0 2.0 


are shown in Table 2. It may be noted here that the largest 
individual permeability increase for a frozen sample was 33 
per cent; the largest increase for a sample not frozen was 
40 per cent. For the group of 12 sample pairs which showed 
the highest percentage increases, the average permeability 
increase for the samples not frozen was 20 per cent, whereas 
the difference between this and the increase for the frozen 
samples, i.e., the incremental increase attributable to quick- 
freezing, was only .2.0 per cent. 

Thus, from the number and variety of samples involved and 
the consistency in the results, it seems fairly evident that the 
effect of quick-freezing upon the permeability and porosity of 
core samples is quite small, of the order of several per cent 
or less, and that the larger effects ascribed by Lebeaux’ to 
quick-freezing are in reality due to leaching and/or rearrange- 
ment of pore material caused by extraction and saturation 
techniques used. 

The average increase in permeability of 16 per cent for 
Lebeaux’ samples saturated 100 per cent with water and oil 
is only slightly greater than the 12.9 per cent increase shown 
for the 100-1,000 md group of Table 1, and one may well 
raise the question whether that increase would not have been 
almost as much on the same samples without quick-freezing. 
and whether some of the other samples would not have also 
fractured or crumbled under the same saturation and handling 
techniques used, without the quick-freezing. 

There is reason to believe that quick-freezing of cores satu- 
rated 100 per cent with liquids may in some cases cause 
appreciable increases of permeability, but this saturation con- 
dition practically never occurs, if it occurs at all, in fresh 
cores from permeable formations. 


FIELD DATA ON FROZEN vs UNFROZEN CORES 


Procedure 


As a further check on the above work, and to evaluate the 
results of the quick-freezing technique as it is applied in prac- 
tice, core analyses were made in the conventional manner on 
86 pairs of samples from six wells, four of these being from 
the Gulf Coast, one from West Texas and one from the Mid- 
Continent area. The samples comprising these pairs were 
always from the same foot of core and usually vertically 


adjacent. In the majority of cases the pieces to be used for 
perm plugs were taken horizontally adjacent, where the diam- 
eter of the core permitted. Half of these samples were quick- 
frozen at the well-site and subsequently analyzed; the other 
half were preserved in plastic bags, where necessary, prior 
to analysis by the same personnel using the same equipment 
as was used for the frozen cores. Complete analyses were made 
in nearly all cases for permeability, porosity and oil and water 
saturations. 

The samples were grouped by permeability ranges as in the 
laboratory investigation described above, and averages of the 
data computed for each of the four groups. Since these tests 
are of the same nature as part of the tests reported by Wisen- 
baker,’ the results shown in his Table 5 are included to make 
a total of 177 sample pairs, from ten wells, summarized here 


in Table 3 


Discussion 


As may be seen from Table 3, the groups and/or wells 
covered a fairly wide range of permeability and_ porosity. 
More variation is found between the averages for frozen and 
unfrozen samples than in Table 1, but this is probably a 
consequence of the limited number of samples and the fact 
that large variations may occur between the samples of each 
pair irrespective of freezing. Even so, the differences between 
permeability and porosity averages for the frozen vs the 
unfrozen samples are for the most part only a few per cent. 

The overall average permeability difference between frozen 
and unfrozen samples is 2.7 per cent; the overall average 
porosity difference, 2.5 per cent. These small differences are 
thus of the same low order of magnitude and confirm the 
results found in the laboratory investigation. The overall 
average oil saturation obtained on frozen samples was 12.9 
per cent; on unfrozen samples, 12.2 per cent. The correspond- 
ing, water saturations were 40.9 and 40.5 per cent, respectively. 


SUMMARY AND CONCLUSIONS 


A study was made to differentiate between the permeability 
and porosity changes in core samples caused by quick-freezing 
and the permeability and porosity changes caused by identical 
saturation treatment without freezing, as determined on 49 
pairs of horizontally adjacent samples. It was found that the 
permeability increase which could be ascribed to the quick- 
freezing amounted to 1.2 per cent, whereas the increase ob- 
served on samples not frozen averaged 6.8 per cent. No trend 
with permeability was discernible It was concluded that most 
of the changes sometimes attributed to quick-freezing are in 
reality due to leaching and/or rearrangement of pore material 
caused by extraction and saturation processes. 

As an independent field check on the above conclusions. 
conventional core analysis data on quick-frozen samples were 


Table 3 — A Comparison of Permeability and Porosity Averages of Samples Frozen at Well-Site vs 
Corresponding Averages for Adjacent Samples Not Frozen 


Permeability Number Average Permeability, Average Porosity, 
Range, or of md er Cent Ro. 
Well Sample Frozen Unfrozen % Frozen Unfrozen % 
Designation Pairs Samples Samples Diff. Samples Samples Diff. 
0-10 md 49 3.23 3.14 2.9 153 14.7 4.] 
10-100 md 17 30.0 28.6 4.9 18.0 18.3 —1.6 
100 - 1,000 md 15 356 339 8.0 19.2 19.3 0.1 
1.000 - 3.040:md 5 2,396 2,390 0.3 PALA 21.4 —1.4 
Well A 12 125 11] 12.6 26.5 24.1 10.0 
Well B 22 175 167 4.6 17.5 vee Ly 
Well C 20 1.8 18.2 17.8 
Well D 37 24.9 26.0 -4,,2 19.5 19.] 2.1 
Total 177 Weighted Averages 2.7 2.5 
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compared with corresponding data on adjacent samples not 
frozen. These results combined with similar data obtained by 
Wisenbaker’ in a prior investigation showed an overall average 
increase due to quick-freezing of 2.7 per cent in permeability 
and 2.5 per cent in porosity, for 177 pairs of samples. Changes 
in fluid saturations were small. It is concluded that for all 
practical purposes any changes in permeability, porosity and 
fluid saturations of oil well cores brought about by quick 
freezing are negligible. 
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COMMENTS ON CAPILLARY EQUILIBRIUM 


J. JONES-PARRA, VENEZUELAN MINISTRY OF MINES AND HYDROCARBONS AND THE PENNSYLVANIA STATE 
COLLEGE, STATE COLLEGE, PA., JUNIOR MEMBER AIME 


In previous Technical Notes, W. R. Rose’ and W. Purcell’ 
have discussed the capillary pressure data presented by Welge.° 
Welge obtained capillary pressure curves of the imbibition 
type in which it was necessary to apply to the apparent 


FIG. 1 — DIAGRAM OF PORE SYSTEM. 
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wetting phase a greater pressure than that of the non-wetting 
phase to complete the cycle and reduce the non-wetting phase 
saturation to low values. Rose suggests in his Note that con- 
ditions of equilibrium could not have prevailed, since the 
non-wetting phase pressure must always be the greater. Pur- 
cell in his Note, proceeds to postulate a pore system consisting 
of a series of “holes in a doughnut,” in which he contends 
that under equilibrium conditions it is necessary to resort to 
negative capillary pressures before significant wetting phase 
displacement can take place. There is a remarkable similarity 
between the shape of the capillary pressure curve calculated 
by Purcell and those measured by Welge. 

It is the purpose of this Note to show that, because Purcell 
neglected to account for the behavior of the residual wetting 
phase saturation, his system was not in equilibrium during 
imbibition; and, furthermore, that if his system had been in 
equilibrium, negative capillary pressures would not have been 
possible. 

In Purcell’s pore system, the residual wetting phase will 
form pendular rings at the interstitial spaces existing some- 
where within the system, for example, such as those spaces 
between “doughnuts” as shown in Fig. 1. The true capillary 
pressure is that across the pendular ring interface, and for the 
system to be in equilibrium the pressure drop across all inter- 
faces must be the same, including that across the interface in 
the tight pores A of diaphragm B (Fig. 1). As the pressure 
across the cell is reduced, the advancing interface will move 
into the pore from the diaphragm, but at each pressure, the 
curvature of the pendular rings must be the same as that of 
the advancing interface if equilibrium is to prevail. Since equi- 
librium conditions are the basis for the entire argument, it 
follows that pendular rings must grow as wetting phase enters 
the pore, that is, as the pressure across the cell is lowered. . 
In Purcell’s calculated curve, the residual wetting phase satu- 
ration remains constant as the capillary pressure decreases. 
Thus, his curye does not represent an equilibrium process. 
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FIG. 3 — CAPILLARY PRESSURE VS WETTING PHASE SATURATION. 
FIG. 2 — POSITION OF INTERFACE — SOLID CONTACT. 


By defining the principal radii of curvature (R, and R,, 
Fig. 1) in terms of the geometry of the system, it is possible 
to obtain the position of the pendular ring contact at each we 
pressure in terms of the angle «, in the same manner as ZA A! Mag ep A’ 
obtained by Purcell for the advancing contact. This relation- 
ship is: 


P.R 


2 


o 
1 
9 ( 2 ) 


~[l—cos + 1—cos + — 
sin (a—@) R 


sin 
‘( 90 ) 
2 sin” 
2 


In Fig. 2, the dimensionless quantity P.1/2z from this 
equation is plotted against «. The equivalent cuive calculated 
by Purcell for the advancing interface contact is plotted on 
the same figure (dashed curve). Both curves correspond to 
a contact angle of 30°. 


The process of imbibition can best be explained by referring 
to Figs. 2, 3 and 4. Let it be assumed that the drainage cycle 
was completed at point A (a, = -75°, P, = (2.8) ip, 


85%), and that at this point imbibition starts. As the pressure 
is decreased along line AB, there will be a corresponding EIG. 4 — ADVANCE OF INTERFACES. 
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change in a, and S,. At B, the pressure will be low enough 
for the advancing wetting phase to move into the pore, and 
this contact will be at a, = +7°. At this point the pressure 
will be (.9)20/r, the wetting phase saturation 2.4 per cent and 
the pendular contact will be at a, =~-64°. The pressure is 
decreased further until point C is reached. The pressure across 
the pendular ring interface is asymptotic at the two values of 
a, for which R, and R, respectively become zero, hence there 
is a minimum to the curve at point C. The pressure across the 
interface cannot be less than (.3)2¢/r. When this pressure is 
reached the pendular ring contact will be at 4, = —38° but the 
advancing contact will be at a, = —32° (point C’). Regardless 
of the effect it will have on the pendular ring, as the pressure 
is decreased further the two contacts will merge, and this will 
occur in the neighborhood of points C, C’ (P. = (.3)20/r, 
S, = 18 per cent). Below this pressure the non-wetting phase 
will be displaced from this and all interior pores. 


Hence, as suggested by Rose, the imbibition capillary pres- 
sures obtained by Welge (as well as that calculated by Pur- 
cell) appear to have but little physical significance. They 
represent the variation in saturation with pressure difference 
imposed across the capillary pressure cell, and not variation in 
saturation with pressure drop across every internal interface. 


To obtain at each imposed pressure the absolute equilibrium 
required if a true imbibition curve is to result, sufficient time 
must be given for the pendular rings to grow. Consider the 
process: if at any imposed pressure the pressure drop across 
the pendular ring interface is not the same as that across the 
advancing interface, the vapor pressure (or solubility in 
liquid-liquid systems) over these interfaces will not be equal. 
Equilibrium will not prevail unless sufficient transfer occurs 
across the non-wetting phase for the curvature of the pendular 
ring interface to change until all curvatures in the closed 
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system (the capillary pressure cell) are the same. Thus it 
is apparent that the rate of equilibrium attainment is depend- 
ent upon the rate of diffusion of the wetting phase through 
the non-wetting phase under the gradient existing between 
unequal curvatures. This explains why positive equilibrium 
imbibition displacement pressures are obtained in water-air 
systems, but not in water-oil systems. The rate of diffusion is 
much faster in the former. This also suggests that in liquid- 
liquid systems imbibition equilibrium curves cannot be ob- 
tained over practical periods of laboratory time unless flow 
through the wetting phase residual is possible in order that 
the pendular rings may grow to keep pace with the curvature 
of the imbibed interface. As Rose suggested, therefore the 
physical meaning of curves as Welge obtained is obscured 
until a different mechanics of pore entry is postulated. 
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THEORETICALLY INDICATED METHODS OF WETTING-LIQUID RELATIVE 
PERMEABILITY MEASUREMENT 


WILLIAM H. HARTWIG, THE UNIVERSITY OF TEXAS, AUSTIN, TEX. 


A paper by Rose’ has called attention to some of the prob- 
lems of wetting-liquid relative permeability measurement. The 
premises and conclusions set forth by Rose, namely the applic- 
ability of the Hassler scheme of nreasurement, will be accepted. 
In addition, it will be concluded that certain electrical analog 
circuits can be used as a pattern for consideration of possible 
hydraulic systems of measurements. 


NEW SCHEME OF MEASUREMENT 


The object of this note is to propose a new scheme of wetting 
liquid relative permeability measurement. It is significantly 
different from those heretofore described, nonetheless it is 
based on Hassler concepts. The scheme is illustrated in Fig. 1 
in terms of the corresponding electric circuit analog. It may 
be designated descriptively as the “comparison” method of 
wetting-liquid relative permeability measurement. 

In this circuit, 


R, represents the resistance of the core sample which is 
being studied for relative permeability characteristics, 


+Reference given at end of paper. 
Manuscript received in the Petroleum Branch office Feb. 23, 1953. 
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R, represents a “standard” resistance, 

R, represents the combined series resistance of the barrier 
pads, 

R,, R, represent the combined series resistance of barrier 
pads in the manometer circuit, 

C,, C, represent the capacitance of the manometers, 

E is a constant voltage source, 

S is the switch or stopcock. 


The following conditions are imposed upon the network: 
Ry» R, and Rx, > Rx, R, >» and the condensers C, and 


Rp Ry Ro 
re 
C, 2 C, 


FIG. 1 — ELECTRIC CIRCUIT ANALOG FOR THE COMPARISON METHOD 
OF WETTING LIQUID RELATIVE PERMEABILITY MEASUREMENT. 
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are uncharged 
stopcock). 


(i.e., manometers level before opening the 


The resistance of the core sample is assumed small com- 
pared to the barrier resistances. This condition, it will be 
recalled, is a limitation of the methods discussed by Hassler 
and Rose but becomes an advantage in the method here 
proposed. 

A complete transient analysis of this network is not neces- 
sary if the above conditions are observed. The equation for 
the battery current, in terms of the Laplacian operator, is 
given to illustrate the assumptions to be made. 
| ¢ R, R,+R,/ (Gp) / ( 

b 

R,+Rit1/ R,+R.+1/ (C.p) 

At the instant the switch is closed the voltage across the 

condensers is zero, so 


E 
Ry+ (R.R,) / (Re+R,) + / (Ro+R:) 


(2) 
with (R.R,)/(R.+R:) and (R.R:)/(R.+R:2) very slightly 
less than R, and R, respectively. 


After steady state is reached, no current flows in the con- 
densers. The battery current then is 


E 


It is apparent, then, that the circuit of Fig. 1 is very closely 
a constant current system. For example, if R, = 3,000 ohms, 
R, = R, = 2,000 ohms, and R, ~ R, = 10 ohms, 


E 
3,000+ 10 (2,000/2,010) +10(2,000/2,010) 
E 
(4) 
3,019.90 
and 
E E 


3,000 + 10 + 10 3,020 
Thus the maximum error in assuming this to be a constant 
current circuit is 


3,020 — 3,019.90 
3,020 


= 0.0033 per cent 


Therefore, a circuit having a constant current source, Fig. 2, 
can be taken as equivalent, for all practical purposes, to the 
circuit of Fig. 1. 


Analysis of the circuit of Fig. 2, then, leads to the solution 
of the problem as follows: 


If J is that constant current, the voltage drop across the 
condensers is given by 


Ee. = IR,[1=e'’ + Rx) $] 
E.. = 4¢,(R, + Ro) 


(6a) 
(6b) 


With the relative sizes of the barrier and core resistances in 
mind, we set 


Ri +R. RR, + R, R:, then 
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FiG. 2 — CONSTANT CURRENT EQUIVALENT CIRCUIT FOR COMPARISON 
METHOD. 


Here the Time-Constants, 7, and 7:, are constants of the 
manometers only. The consequences of neglecting the effects 
of R, and R, upon 7, and T, will be considered later. 


Dividing E., by E.., one gets 
R,(1-e*/T,) 


9 
Ro (9) 
The desired value, then, is 
l-e'‘/T, 
) (10) 


It can be seen from inspection of Equation (10) that the 
core resistance is equal to the known resistance times the 
ratio of condenser voltages at any time if T, = T,: 


Fig. 3 shows graphically the relationship leading to Equation 


(11) 


ASSUMPTIONS AND ERRORS 


The assumptions of the relative sizes of the resistances are 
justified since they are largely under the control of the experi- 
menter. The “standard” core, R,, can be measured and cali- 
brated by any of the methods discussed by Rose. It is not 


IRy 

IRo | 

| 

| | 
8 Ec 

/ 


TIME 


FIG. 3 — TRANSIENT RESPONSE OF TWO R-C CIRCUITS WITH THE SAME 
TIME-CONSTANT. Eo: AND Eco ARE VALUES TAKEN AT ANY TIME. 
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FIG. 4 — PLOT OF PER CENT ERROR VS TIME DUE TO INEQUALITY OF T: 
AND T;. TIME SCALE IS IN MULTIPLES OF To. 


necessary to have R, = R, or C,=C., just their products, 
R,C, = R.C,. Even errors in this requirement can be tolerated, 
such as that introduced by neglecting the contributions of Rx 
and R, to T, and 7.,. The maximum per cent error introduced 
is the per cent error in the inequality of 7, and T.. These 
errors decrease with time. A plot of Error vs Time for several 
Time-Constant ratios is given in Fig. 4. It will be noticed that 
the equation of balance (11) comes out independent of the 
battery voltage, F. This is a distinct advantage, not enjoyed 
by any previous method. The voltage may change in any way 
without disturbing the ratio of the values E., and E... Conse- 
quently the effect of pore plugging in R, is not noticed, being 
regarded as a drop in FE. Plugging in R, and R, is noticed only 
if R, and R, change differently with plugging, which may be 
expected as a second-order effect. 
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If the voltage (pressure) and barrier resistances can be kept 
constant, the manometer across R,, the “standard” resistance, 
will have the same Displacement-Time equation for each ex- 
periment. This may be an opportunity to plot this curve of 
Displacement vs Time, and by comparing E,, and E.. with the 
curve at chosen times, determine R,, or check the calibration 
of R,, or both. 

The inherent accuracy of the “Comparison” method will 
depend upon how accurately a manometer can be read at small 
displacements. The usefulness of this method could be in- 
creased with a non-uniform type of manometer whose sensi- 
tivity is higher at small displacements than large ones. 


CONCLUSIONS 


It is concluded that adoption of the “Comparison” scheme 
of measurement makes it unnecessary to resort to the less 
direct schemes referred to in Rose’s paper, which he termed 
variously as the “parallel,” “series,” and “single barrier” 
methods. The proposed “Comparison” method is not sensitive 
to external disturbances, is independent of time, and requires 
no calculation or prediction of Ma. The “standard” core is 
subject to a great deal of interpretation on the part of indi- 
vidual experimenters. It may be a similar material to the 
sample under test, or possibly a weighed sample of fine sand 
that could be washed frequently of foreign matter. 

Experimental confirmation of these suppositions is still re- 
quired since, in the end, it is desired to have a system of 
wetting-liquid relative permeability measurement available 
which is workable from the standpoint of laboratory instru- 
mentation. 
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VAPORIZATION OF HYDROCARBONS FROM AN UNCONSOLIDATED SAND 


CHARLES W. OXFORD, UNIVERSITY OF ARKANSAS, FAYETTEVILLE, ARK., AND R. L. HUNTINGTON, MEMBER AIME, 


UNIVERSITY OF OKLAHOMA, NORMAN, OKLA. 


During the past 20 years (1932-1952), many condensate 
reservoirs have been discovered in the United States, particu- 
larly in the Gulf Coast region. Most of these reservoirs have 
been produced by a combination of gas cycling and slow pres- 
sure depletion in order to recover the liquefiable components 
from the single-phase fluids originally existing within the 
reservoirs. 


1References given at end of paper. 


Manuscript received in the Petroleum Branch office April iy 
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Although a record of the composition of the produced fluids 
has been kept on some of these reservoirs, very little laboratory 
work has been done on small scale replicas so as to obtain 
some idea of the effect of such variables as fluid flow with- 
drawal and cycling rates, pressure, temperature, percentage 
of liquid hydrocarbon and water saturation within the reser- 
voir. Weinaug and Cordell* have shown experimentally that 
condensates can be revaporized within a sand reservoir; how- 
ever, they studied only the effect of fluid withdrawal rate. 


In this investigation the above mentioned variables were 
studied experimentally in small scale reservoirs both in the 
case of vaporization of condensate by batchwise pressure deple- 
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tion and for the constant pressure cycling or “sweep method.” 
In each instance, nitrogen was used as the vaporizing gas, 
and n-hexane, n-heptane, and condensate were the liquids 
used to partially saturate the sand. 


The normal hexane and heptane used in this investigation 
were Phillips Petroleum Co.’s pure grade hydrocarbons con- 
taining a minimum of 99 mole per cent of the named com- 
pound. The brine used in one portion of the study was obtained 
from a Wilcox Sand well at the 4th and Geary Streets location 
of Phillips Petroleum Co. in Oklahoma City, Okla. It contained 
approximately 195,000 ppm of total solids. The condensate 
was obtained from the Gwinville, Miss., Field, and had the 
following properties: API gravity, 56.1 at 60°F; Reid vapor 
pressure, 2.4 psi at 100°F; ASTM distillation range, 110°F 
to 500°F. The vaporizing gas was commercial nitrogen, and its 
molecular weight, determined gravimetrically, was 27.93. 


Wilcox sand was obtained from an outcrop near Ada, Okla. 
A photograph is shown in Fig. 1. It had a porosity of 32.8 per 
cent, a permeability of 1.0 darcy, and was found to be prefer- 
entially wetted by water or brine in the presence of hydro- 
carbons at atmospheric pressure. 


EXPERIMENTAL PROCEDURE 
Pressure Depletion Studies 


Fig. 2 shows a diagram of the apparatus used to study 
vaporization by pressure depletion. The reservoir bomb was 
packed with the partially saturated sand at a temperature 
below 45°F. With the apparatus assembled as shown in Fig. 2, 
gas from cylinder “H” was flowed into the reservoir bomb 
and into the auxiliary bomb, “B,” after displacing the water 
from it. When full cylinder pressure was applied to the bombs, 
the cylinder valve was closed, and water was pumped into 
the bottom of bomb “B” until the desired pressure was 
obtained. 


> 
Wa 


FIG. 1—MICRO-PHOTOGRAPH OF WILCOX SAND (300 MAGNIFICA- 
TIONS). 
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FIG. 2 — DIAGRAM OF PRESSURE DEPLETION APPARATUS. 


The bomb was allowed to remain in the constant temperature 
bath for 24 hours before the gas was bled off. Valve “F” was 
opened and the reducers so adjusted to give the desired flow 
rate. Samples of gas were withdrawn at “K” by opening the 
cocks on evacuated bulbs. The density of the samples was then 
determined gravimetrically. 


Constant Pressure Flow Studies 


A diagram of the apparatus used in the constant pressure 
flow studies is shown in Fig. 4. Hydrocarbon was mixed with 
dried sand and put into the reservoir, “D.” When the tempera- 
ture of the sand was within 5°F of atmospheric temperature, 
the gas from the cylinder was flowed through the system. The 
quantity of hydrocarbon vaporized was determined by the 
change in weight of the absorbers. 


CORRELATION OF DATA 


Densities of the gas samples taken during the pressure 
depletion runs were converted to specific gravities at 60°F 
and 1] atmosphere. In addition, the number of barrels of hydro- 
carbon per million standard cubic feet of nitrogen was calcu- 
lated from the densities. Plots of gravity and barrels of hydro- 
carbons vs reservoir pressure are shown in Figs. 5, 6, 7, 8, 
and 9. In addition, Figs. 5, 6, 7 and 8 present theoretical curves 
based upon the familiar thermodynamic expressions plotted 
as the ratio of moles of hydrocarbon, n., to the total moles of 
gas, ny, per cubic foot of mixture. 


l Z 11 
=4, (Z-1) dilnP (1) 
and din f= V;,dP (2) 
me 
where 
Ta = fugacity at normal vapor pressure 
fe = fugacity at total pressure 
P, =normal vapor pressure at temperature 7’ 
P =iotal pressure 
R  =gas constant 
T  =temperature 
V, =molal volume of the liquid at temperature 7 
Z  =compressibility factor 
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FIG. 3 — SECTION SKETCH OF RESERVOIR BOMB. 


The values of f, calculated from Equation (2) were sub- 
tracted from the total pressure to give the partial pressure of 
the nitrogen. The compressibility factor of the hydrocarbons 
was taken as one, and the fugacity was substituted for pressure 
in order to calculate the number of moles of hydrocarbon in 
1 cu ft of gas mixture, using the following equation: 


== IRI (3) 
The same expression was employed to calculate the number of 
moles of nitrogen in 1 cu ft of the mixture. Values of Z for 
nitrogen were taken from the work of Sage and Lacey.* Mole 
fractions were calculated, and densities determined by means 
of Equation (4). 


where Y, = mole fraction of component 1 
P15 P2» Pn — density of component 1, component 2, and the mix- 
ture at 60°F 


The quantities designated “reservoir volumes per minute” were 
calculated by dividing the volume of gas at standard conditions 
(60°F and 1 atmosphere) by the total volume of the reservoir. 


Figs 10 and 11 present the results of the constant pressure 
sweep studies. In Fig. 11, “equilibrium recovery” indicated 
quantity of hydrocarbons recovered divided by the quantity 
predicted by Raoult’s law. 


DISCUSSION OF RESULTS 


Unfortunately, no suitable equilibrium data are available 
with which to compare the results of this investigation. Boomer, 
Johnson and Piercey’ determined the equilibrium composition 
of the nitrogen-n-heptane system at 100.9 atmospheres. It was 
found by interpolation of their data that at 100°F, the vapor- 
phase contained 1.34 per cent n-heptane, which corresponds 
to a specific gravity of 0.990. Fig. 5 of this paper shows the 
gravity of the gas under the above conditions to be approxi- 
mately 0.982. Kilgore’ determined equilibrium constants for 
the nitrogen-n-heptane system, but at temperatures too far 
removed from those used in the present studies for a valid 
comparison. 


In spite of the fact that the curves drawn on Figs. 5, 6, 7 
and 8 were calculated with such important effects as decrease 
in vapor pressure due to capillarity and shape of gas-liquid 
interface, preferential wettability of the sand, and change in 
vapor pressure of the liquid due to dissolved nitrogen being 
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FIG. 4 — DIAGRAM OF ATMOSPHERIC SWEEP APPARATUS. 
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FIG. 5 — EFFECT OF WITHDRAWAL RATE ON THE VAPORIZATION OF 
N-HEPTANE WITH NITROGEN BY PRESSURE DEPLETION AT 100°F. BOMB 
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FIG, 6 — EFFECT OF RATE OF WITHDRAWAL AND PRESENCE OF SAND 
ON VAPORIZATION OF N-HEXANE WITH NITROGEN AT 100°F BY PRES- 
SURE DEPLETION, 5 PER CENT SATURATION OF N-HEXANE IN SAND 
PACKED BOMB. 


neglected, there is a marked similarity between theoretical and 
experimental points. Only in Fig. 6 do the experimental data 
from a sand packed bomb show a lower gravity than the the- 
oretical curve, and this only at high pressure. The gravity from 
data on the unpacked bomb is consistently lower than the- 


gravity from the packed bombs. This phenomenon was also 
observed by Weinaug and Cordell. 
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FIG. 7 — EFFECT OF VARIOUS PERCENTAGES OF WATER AND BRINE 
ON VAPORIZATION OF N-HEXANE WITH NITROGEN AT 100°F BY PRES- 
SURE DEPLETION. SPACE VELOCITY, 0.67 RESERVOIR VOLUMES PER 
MINUTE. 
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FIG. 8 — VAPORIZATION OF N-HEXANE WITH NITROGEN AT 150°F BY 
PRESSURE DEPLETION. SPACE VELOCITY, 0.733 RESERVOIR VOLUMES 
PER MINUTE. SAND PACKED BOMB, 5 PER CENT SATURATION OF N- 
HEXANE. 
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FIG. 9 — VAPORIZATION OF GWINVILLE, MISS., CONDENSATE WITH 
NITROGEN AT 100°F BY PRESSURE DEPLETION. SPACE VELOCITY, 0.622 
RESERVOIR VOLUMES PER MINUTE, 10 PER CENT SATURATION OF CON- 
DENSATE IN SAND PACKED BOMB. 


Fig. 7 indicates that the presence of water or brine has very 
little effect on the quantity of hydrocarbon vaporized. It will 
be noticed, however, that the data points of Fig. 7 do not 
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drop below the theoretical curve as did those of Fig. 6. It has 
been suggested’ that the preferential wettability may change 
with pressure, and this could account for the discrepancy. 


Figs. 5, 6 and 7 lead to the conclusion that the higher hydro- 
carbons can be revaporized from a porous body, and that, 
within the range studied, withdrawal rate and the presence of 
brine and water within the reservoir have very little effect upon 
the vaporization of the hydrocarbons. 


The constant pressure vaporization studies showed that the 
approach to equilibrium is a function of the space velocity. 
However, since the departure from 100 per cent of equilibrium 
recovery does not take place up to a space velocity of approx- 
imately 5 reservoir volumes per minute, one would expect 
equilibrium recovery from producing reservoirs. 


It must be emphasized that the sweep runs were not made 
on a constant permeability sand. Since the sand and hydro- 
carbon were mixed before the tube was packed, tapping the 
container did not produce a uniformly packed body, and as 
evaporation took place, the sand settled, thus decreasing the 
porosity and the permeability. Also, the sweep runs were not 
made at constant temperature. The temperature of the sand 
bed dropped 7 to 30°F, because of vaporization of the liquid 
and rose again toward the end of the run. For this reason, 
the equilibrium recovery had to be calculated for an average 
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FIG. 10 — EFFECT OF LIQUID SATURATION ON RECOVERY OF N-HEXANE 
WITH NITROGEN BY SWEEP METHOD, ATMOSPHERIC PRESSURE IN SAND 
PACKED TUBE. 
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temperature. Nevertheless, it is thought that the data presented 


i here will be of aid to engineers and others interested in the 
production of condensate fields. 
> 
100 
> 
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DETERMINATION OF GRAPHITE IN DRILLING MUD 


FRANK O. JONES, JR., AND J. L. LUMMUS, STANOLIND OIL CO., TULSA, OKLA. 


ABSTRACT 


A field procedure for determining 
graphite in drilling mud is presented 
which is sensitive to 0.25 lbs/bbl and 
accurate to 20 per cent. The method, 
utlizing oil flotation principles, is suit- 
able for use in all oil-free water base 
muds except those containing ligno- 
sulfonates, lignites, or surface active 
agents. 


INTRODUCTION 


Graphite was proposed as a drilling 
lubricant as early as 1940,"* but has 
not been used extensively until re- 
cently.’ Graphite has been substituted 
for oil in certain instances to avoid 
oil contamination of core samples since 
it has been found that graphite does 
not interfere with routine core analysis. 

A major difficulty in using graphite 
is the lack of a satisfactory field test 
for determining the concentration of 
graphite in mud. 


DISCUSSION OF METHOD 


Several possible methods of analysis 
were investigated, including chemical 
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separation, density fractionation, radio- 
active tracers, and oil flotation.” ° 


The investigation indicated that a 
satisfactory method for field use could 
be devised using an oil flotation method. 
It was found that toluene shaken with 
a highly diluted mud sample would re- 
cover sufficient graphite to be apparent 
in the oil phase. Refinement and stand- 
ardization of technique made it possible 
to detect as little as 0.25 lb/bbl graphite 
and to estimate graphite content to 
within 20 per cent by using a visual 
comparison method. 


The test is limited to oil-free water 
base muds. Quebracho, phosphates, or 
barytes in the mud do not interfere 
with the test but surface active agents, 
lignosulfonates’ and lignites evidently 
render the graphite water-wet so that 
none may be recovered by oil-flotation. 


PROCEDURE 
Instructions for determining graphite 
in mud: 
1. Collect representative one gallon 
sample from mud stream. Transfer im- 
mediately 350 ml portions of this sam- 
ple into four mixing cans labeled A, 
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B, C, and D. Measure out graphite 
(same as is used to treat mud) for 
addition te cans as indicated below, 
using either a specially designed scoop 
or a balance. 


Can: 
Grams Graphite 
to Add: none 2 4 6 


Stir samples B, C, and D for 15 


minutes with propeller type mixer. 


2. Clean and rinse well with water four 
250 ml volumetric flasks labeled I, 
I, Ill, and IV. Using a 5 ml hypo- 
dermic syringe, transfer the indicated 
volume of samples from cans A, B, 
C, and D into designated flasks as 
follows: 


From Can: A B G D 
To Flask: I II LN; 
Add This 

Volume 


of Mud: 4ml 2ml 2ml 2ml 


3. Measure 100 ml fresh or distilled 
water to each flask and swirl gently to 
disperse mud. Add exactly 5 ml toluene 
to each flask. Stopper and shake each 


Vol. 198, 1953 


flask vigorously 75 times (this definite 
amount of shaking which requires about 
20 seconds is important) and add water 
to each flask immediately after shaking 
until liquid level is about one inch 
from top of neck. All four flasks should 
be shaken and filled to level within a 
five-minute period. Flasks should then 
be allowed to remain undisturbed for 
45 minutes. 


4. Examine oil layers in the necks of 
the flasks. A layer will grade from clear 
toluene at top to a darkened emulsion 
at the bottom, the volume and darkness 
of the emulsion depending upon the 
amount of graphite in the flask. Com- 
pare flask I to flasks II, III, and IV. 
Select flask containing emulsion which 
most nearly matches emulsion in flask 
I. See table below for graphite con. 
centration, in original mud. 


If flask matching Flask I 
igh Flask II Flask III Flask IV 


Graphite con- 
centrations 
in mudis: 21b/bbl 41b/bbl 61b/bbi 
The results obtained at this point 
are suitable for most uses; however, if 
greater precision is required, the re- 
maining two steps may be followed. 


5. Clean mixing cans and flasks. Re- 
stir gallon sample taken in step 1. 
Repeat step 1 except instead of adding 
2, 4, and 6 gm. graphite to cans B, C, 
and D, add graphite according to fol- 
lowing table, which lists three alterna- 
tives depending upon the value found 
in step 4. 
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If result, step 4 was Add to can: 

B C D 
2 lb/bbl lgm 2gm 3gm 
4 |b/bbl 3gm 4gm 5gm 
6 Ib/bbl 5gm 6gm 7gm 


6. Proceed exactly as in steps 2, 3, 
and 4, except instead of using the 
table in step 4, use the following table 
to find graphite concentration of mud. 
Select value in left column correspond- 
ing to result from step 4 and read 
across to the right to number beneath 
flask which matches flask I. 


Find graphite concentration below 
flask matching flask I: 
If result, step 4, was 


Flask IT Flask III Flask IV 
2lb/bbl 11b/bbl 21b/bbl 3 1b/bbl 
4]b/bbl 3]b/bbl 41b/bbl 5 Ib/bbl 
6 Ib/bbl 51b/bbl 61b/bbl 7 1b/bbl 

REMARKS 


1. If the emulsion in flask I is very 
much darker than “Gunmetal Gray,” 
reduce the volumes of mud extracted 
(step 2); te. instead of 4 ml for 
flask I and 2 ml for flasks II, III, and 
IV, use 3 ml and 1.5 ml or 2 ml and 
1 ml. If the emulsion is much too 
light, increase the mud volume pro- 
portionately. 


2. If there is no graphite coloration in 
any of the emulsions of the four flasks, 
first check to be sure there is no 
soap or detergent in the flasks or mud; 
second, try increasing the volumes of 
mud extracted. Jf no coloration is de- 
tected, conclude that there is a wetting 


or dispersing agent in the mud stream 
which prevents the graphite from being 
wet by oil; in such case the test is 
ineffective. 


CONCLUSIONS 


A field method for determining graph- 
ite in drilling mud has been devised 
which is suitable for use in all types of 
oil-free water base muds except those 
containing lignosulfonates, lignites, or 
surface active agents. 
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AN EXPLANATION OF THE YUSTER EFFECT 
BY P. H. SCOTT AND WALTER ROSE, CONTINENTAL OIL CO., PONCA CITY, OKLA. 


Recent papers’’ by S. T. Yuster have called attention to 
the largely ignored concept that there will be a transfer of 
viscous forces across fluid-fluid interfaces during the flow of 
immiscible fluid phases through porous media. This leads to 
the implication that the relative permeability vs saturation 
function, as applied to each of the fluid phases of the system, 
will in some way be dependent on the viscosities of all the 
other fluid phases which are contiguous to the flowing fluid 
of interest. In fact, Yuster has selected and analyzed the 
properties of a capillary-tube model of the reservoir-prototype 
flow systems and concludes from his studies that relative per- 
meability values will be very markedly influenced by the 
viscosity ratio in two-phase systems. On the other hand, rela- 
tive permeability data have been reported in the literature 


for more than 20 years; and where these data are consistent 
at all, they consistently show no dependence on _ viscosity 
ratio (cf. chapter 7 of Muskat* for a resume of past experi- 
mental work). This paradoxical situation has prompted us to 
re-evaluate Yuster’s work. 

The major flaw we find has to do with the properties of 
the model Yuster employed to give qualitative support to 
his predictions. This model is defective in that important sur- 
face area parameters characteristic of the prototype-reservoir 
flow system have not been propertly scaled. Fig. 1 shows how 
we believe Yuster’s model should be modified to circumvent 
this difficulty. It depicts the capillary tube of radius R and 
length L, comprised of two elements in series. The first part 
of length, L,, has the nonwetting phase flowing centrally out 
to a radius distance r, where an interfacial boundary exists 
with the wetting phase which flows in the concentric annular 


she space of the tube. The second part of length, L-,, has the 
Vol. 198, 1953 PETROLEUM TRANSACTIONS, AIME 323 


nonwetting phase similarly located but separated from the 
similarly located wetting phase by a solid-phase boundary (of 
infinitesimal thickness) instead of by a fluid-fluid boundary. 
Elementary geometry gives the properties of our model as: 


R 


Surface area of contact between the nonwetting and wetting 
phases = A, = jr 

Surface area of contact between the nonwetting phase and 
the solid phase = A, = 27(L—I)r 

Total surface area of contact between the fluid and solid 
phases affecting the flow of the nonwetting phase = Ay = 
2rL,R + 2r(L—L,)r 


From these definitions and with the aid of the analytical 
expressions previously developed by Yuster, we obtain: 


2 
r 
Saturation of the nonwetting phase = Sy = (+) 


Sx? | 


Where Kxx is the nonwetting phase relative permeability, 
Uy /Mw is the nonwetting phase to wetting phase viscosity ratio, 
and where: 


Kix = 


L—L, 


A, d 


To solve Equation 1 and to examine its limits at high and 
low values of viscosity ratio, it is necessary to scale the model 
by making reasonable assumptions about the (4;/Ar) and 
(A,/Ay) functions. We have done this by assuming (A,/A+r) 
= S,.” where y is some positive number. This function satisfies 


the proper limits of: 
(A,/Ax) = 0at Sy = 0 
and 
(A,/Az) =lat Sy = 1 
and in other respects is in accord with theoretical expectations. 


Our assumption leads to the condition that: 
Where the proper limits of (4;/A,) = 0 hold 


when Sy is zero or unity 


Fig. 2 shows a plot of Equations 1 and 2 for the case 
where y = 1. It is seen that the (A4,;/Ay) ratio passes through 
4 maximum of 0.38 at Sy = 0.33, which is not an unreasonable 
generalization of Leverett’s theoretical conclusion’ about 
the nature of this function. More important to our present 
purpose, however, is the fact that Fig. 2 gives a much nar- 
rower range of dependence of nonwetting fluid relative per- 
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meability on viscosity ratio than was obtained by Yuster in 
the unmodified model; and perhaps this explains why pre- 
vious experimental work has failed to show the effect. 

In any event, while being in general agreement with Yuster 
that Darcy’s law does not exactly describe multiphase flow 
phenomena, we are unwilling to infer that past experimental 
work has been grossly in error. In recent years the concept 
has gained wide acceptance that multiphase fluid flow through 
porous media takes place with each phase flowing mostly in 
separate channels. In this type of flow each phase is mainly in 
contact with solid pore walls, and the liquid interfacial area 
is thus small. We, therefore, believe that it is necessary to 
account for the limited amount of fluid-fluid interfacial surface 
area as has been done in our modified model before positive 
conclusions can be drawn from the analytic solutions of sim- 
plified models. Other work we have done along these lines, 
which involves the use of a different type of model and which 
extends the usefulness of Yuster’s concept that some of the 
transfer of viscous forces at fluid-fluid interfaces results in 
eddy currents, will be published elsewhere. Our consistent 
finding, however, is that departures from Darcy’s law in multi- 
phase fluid flow through porous media are a second-order 
effect, dependent on the occurrence and distribution of fluid- 
fluid boundaries, on the viscosity ratio, and on the relative 
motion of the immiscible fluids at the interfacial boundaries. 
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THE EFFECT OF OVERBURDEN PRESSURE ON RELATIVE PERMEABILITY 


I. FATT, CALIFORNIA RESEARCH CORP., LA HABRA, CALIF. 


Laboratory relative permeability data on reservoir rock are 
obtained on samples which are not subjected to overburden 
pressure during the permeability measurements. These data 
are then used for calculating the performance characteristics 
of reservoirs in which the rock is under the pressure of the 
overburden. Recent observations have shown that the per- 
meability and porosity of reservoir sandstones are decreased 
by application of overburden pressure. *” These observations 
led us to a study of the effect of overburden pressure on the 
relative permeability characteristics of sandstones. 


A previous note from this laboratory’ showed that over- 
burden pressure, simulated by applying hydraulic pressure 
to the outside of a plastic mounted core, caused a reduction 
in permeability of the core by as much as 50 per cent at 
10,000 psig. In a multiphase fluid flow system, the relative 
permeability at a given saturation will change if the per- 
meability or the effective permeability changes but not if both 
permeability and effective permeability change by the same 
ratio. The tests described in this note were made to determine 
the effect of overburden pressure on permeability and effective 
gas permeability in the gas-oil system. The gas-oil system 
was chosen because the available equipment was best suited 
for studying this system. The resultant data can be applied 
to other systems of interest because the gas permeability in 
the gas-oil system is the permeability of the nonwetting phase 
and, as such, is equivalent to the gas permeability in the 
gas-oil-water system and to the oil permeability in the oil- 
water system. 
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EXPERIMENTAL METHOD 


Cylindrical test plugs, one in. in diameter and one in. 
long, were cut from sandstone core samples from three different 
reservoirs. After extraction in toluene, the plugs were mounted 
in Lucite by conventional core mounting methods.*? The 
core properties are given in the legend in Fig. 1. The mounted 
cores were machined to fit the apparatus shown in Fig 4. 
Air permeabilities as a function of overburden pressure were 
measured by connecting lines (1) and (2) to a conventional 
air permeameter. To measure porosity changes as a function 
of overburden pressure, the lines leading to (1) and (2) and 
the core were saturated with kerosene; line (1) was capped 
and a small bore precision calibrated pipet was connected 
to (2). Changes in pore volume of the core as overburden 
pressure was applied were noted by reading the amount of 
kerosene produced into the pipet. To correct for the change 
in volume of the lines inside the hydraulic cell as a function 
of pressure, a pressure-vs-volume run was made with a solid 
Lucite cylinder substituted for the core. The change in vol- 
ume of the lines was about 10 per cent of the change in 
pore volume of the core. No correction was needed for the 
permeability measurements because there was no measurable 
pressure drop in the lines at the maximum overburden 
pressure. 

Relative gas permeabilities were measured by the stationary 
liquid method described by Osoba, et al.* Gas saturations 
were obtained by allowing the kerosene from a _ kerosene 
saturated core to evaporate out. This procedure was followed 
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FIG. 3 — RELATIVE GAS PERMEABILITY IN THE GAS-OIL SYSTEM WITH 
AND WITHOUT OVERBURDEN PRESSURE. 


for cores with and without overburden pressure. Evaporation 
from cores in the overburden pressure cell was speeded by 
inserting hypodermic tubing through line (1) until it touched 
the core face and then flowing a very gentle stream of air 
through the tubing. Gas saturations were established with 
the core under overburden pressure. If the gas saturation 
was established at surface conditions and then overburden 
pressure applied, a lower effective gas permeability was ob- 
served. The difference can be attributed to a hysteriesis effect. 
Application of overburden pressure reduced the pore volume 
which in turn decreased the gas saturation because capillary 
forces held the oil volume in the core constant. Relative gas 
permeabilities in the gas-oil system measured with decreasing 
gas saturation are usually lower, at a given gas saturation, 
than relative gas permeabilities measured as gas saturation 
is increased. The relative gas permeabilities presented in 
Fig. 3 were measured as gas saturation increased. 

Relative gas permeabilities were calculated by dividing 
the measured effective gas permeability by the permeability 
of the core at the overburden pressure of the test. Gas satura- 
tions were calculated from the weight of the core after the 
effective gas permeability measurement. The gas saturation 
was given by: 

Sz — 100 


where S, is the gas saturation in per cent, V» is the pore 
volume of the core at overburden pressure of the test, p is 
the density of the oil phase, Ws is the weight of the partially 
saturated core after the effective gas permeability measure- 
ment, and Wy is the weight of the dry core. 

The internal pressure in the core was always atmospheric; 
the overburden pressure was the hydraulic pressure of the 
fluid surrounding the core. Calculation of the stress trans- 
mitted to the core through the Lucite jacket showed that the 
stress on the core was within about one per cent of the 
hydraulic pressure on the jacket. The elastic constants of 
Lucite required in this calculation were measured in this 
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laboratory; the elastic constants of the rock were taken from 
the Handbook of Physical Constants.” 


RESULTS 


Data from four sandstone cores, shown graphically in Fig 3, 
indicate that the relative gas permeability characteristics, at 
3,000 psig overburden pressure, are not affected by over- 
burden pressure in this pressure range. These results are 
probably representative of the nonwetting phase behavior of 
any multiphase fluid flow system. Although the stress con- 
ditions existing in the reservoir may not be exactly duplicated 
in these tests, the difference between reservoir and laboratory 
stress conditions is not enough to affect the results. 

The reduction in permeability as a function of overburden 
pressure is shown graphically in Fig. 1. Porosity reductions 
are shown in Fig. 2. The porosity changes are negligible 
because the changes are smaller than the uncertainty in 
averaged core porosities. When reservoir calculations require 
accurate permeabilities, the reduction in permeability with 
overburden pressure may be large enough to warrant con- 
sideration. 

These results lead to the conclusion that laboratory non- 
wetting phase relative permeability data obtained on core 
samples are not in error because of the absence of overburden 
pressure. When used in reservoir calculation requiring great 
accuracy, the effective permeability should be obtained by 
multiplying the relative permeability by the permeability at 
the overburden pressure calculated for the reservoir. The over- 
burden pressure on rock buried in the earth is approximately 
0.56 psi per foot of depth, based on the assumption of an 
overburden consisting of sandstone and shale (of assumed 
average specific gravity 2.3) and a liquid pressure resulting 
from a water column (of specific gravity 1.0) reaching from 
the rock to the surface of the earth. 
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THE EFFECT OF TEMPERATURE ON THE DENSITY AND ELECTRICAL 
RESISTIVITY OF SODIUM CHLORIDE SOLUTIONS 


J. J. ARPS, THE BRITISH-AMERICAN OIL PRODUCING CO., DALLAS, TEXAS, MEMBER AIME 


ABSTRACT 


This paper is a study of the effect of 
temperature on the electrical resistivity 
of sodium chloride solutions based on 
the published resistivity and density 
data in the International Critical 
Tables. This temperature effect is of 
considerable importance in quantitative 
interpretation of electric logs, where it 
is frequently necessary to correct mud 
resistivities measured under surface 
conditions to temperatures existing at 
the bottom of the bore hole. An empiri- 
cal approximation formula was de- 
veloped for this conversion which has 
proved to be very useful and seems 
to provide results well within the range 
of accuracy of the data involved. This 
approximation formula states: 


(Re) 
2 14 


and are the electrical re- 


, where 


sistivities of sodium chloride solutions 
at temperatures of ¢, and ft, degrees 
Fahrenheit, respectively. 


INTRODUCTION 


Research by various investigators’”” 
during the past 20 years has clarified 
the physical principles of the phe- 
nomena which cause the natural or 
spontaneous electric potential in rotary 
drilled bore holes. The basic relation- 
ship which is most commonly used 
reads: 


Ke 

in which the SP deflection, as measured 
from the shale base line, is expressed in 
millivolts. K is a constant, which ap- 
pears to vary between 50 and 110; the 
low value applying to shaly sands, 
whereas the higher values are more 
common in carbonate rocks. A good 
average value for K = 70, for which 
value there is considerable theoretical 
justification.” 


In order to calculate the resistivity of 
the connate water R, and to estimate 
its “equivalent salinity” (as NaCl) from 
an electric log by means of this SP 
relationship from a knowledge of the 
static self potential and of the resistiv- 
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ity of the mud filtrate Rus, it is neces- 
sary to first correct the resistivity of 
the mud filtrate measured under sur- 
face conditions to the resistivity of this 
same mud filtrate in the well bore at a 
different temperature. 


In order to make this temperature 
conversion for the mud filtrate the va- 
riation of the electrical resistivity of 
sodium chloride solutions with tem- 
perature is commonly used. Since some 
discrepancies were found in the charts 
ordinarily used for this purpose, it was 
felt desirable to make a new study of 
this relationship based on the published 
measurement data. Because of the fun- 
damental nature of these relationships 
and as an aid to other workers in this 
field, an attempt has been made in this 
study to show every step in the cal- 
culations. 


CONDUCTIVITY VS MOL 
CONCENTRATION 
The most complete published refer- 


ence on the temperature relationship of 
sodium chloride solutions of different 


concentrations is provided in the /nter- 
national Critical Tables. The 
measurement data on the electrical con- 


basic 


ductivity of aqueous sodium chloride 
solutions, at different temperatures, as 
given in these tables, are reproduced in 


Table 1. 


The electrical conductivity values 
/\in this Table 1 are expressed as 
10° times the specific conductivity k 
in ohm™“cm™ per unit of concentration 
in milligram mols per liter of solution 


t 


RESISTIVITY VS MOL 
CONCENTRATION 


These conductivity values from Table 
1 were first converted to the correspond- 
ing electrical resistivity values (R,). 
expressed in ohm-meters, as is conyen- 


Table 1* — Electrical Conductivity A\ of Aqueous Sodium Chloride Solu- 
tions as a Function of Concentration C, and Temperature t. 
(Expressed as 10° times the specific conductivity in ohm™’cm™ per unit of con- 
centration in milligram mols per liter of solution) 


bees TEMPERATURE IN DEGREES FAHRENHEIT ¢ 
0.1 107.88 
0.5 106.95 125.0 354.9 491 545 
D, 65.2 105.31 123.03 193.6 348.5 481 534 
5 64.2 103.54 120.88 190.1 341.9 cae a 
10 63.2 101.72 118.63 185.6 335.0 461 511 
20 61.7 99.40 115.85 179.9 325.4 
50 59.9 95.51 111.08 170.8 309.7 
70 58.7 109.01 167.1 303.2 
100 Died 91.82 106.66 163.4 295.6 403.5 441.5 
200 55.6 87.53 101.55 155.6 287.9 iS: 
500 51.8 80.76 93.31 141.9 274.4 
700 49.9 263.6 
1,000 47.5 74.19 males 247.5 
2,000 41.4 64.66 209.7** = 
3,000 36.5 56.4 184.1** 
4,000 BES 42.6 164.6 * * 
5,000 26.6 44.7 
5,900 24.6 
*Data from Ref, 2. 
**Probably erroneous, should be for 212° F, 
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tional in electric logging practice. Since 


Table 2 — Specific Gravity g: or Density (g/cc) of Aqueous Sodium Chlo- — 1 
ride Solutions as a Function of Sodium Chloride Weight Percentages (R,,)+ by definition equals meyiri and 
and Temperatures t. 


— - since, according to Equation 2, k= 


Gevsant TEMPERATURE IN DEGREES FAHRENHEIT 10° Cy, the conversion can be made 
32° 64.4°* 122° 312.8°+ from the data of Table 1 with the 
1 1.00747 «1.00569 ~—S-1.00409 «0.99482 «0.9651 0.9179 relationship : 

2 1.01509 1.01285 101112 1.00161 0.9719 0.9323 —-0.9244 10' 

6 1.04575 1.04183 1.03963 1.02919 0.9994 0.9588 0.9507 

8 1.06121 1.05653 1.05412 1.04326 

10 1.07677 «1.07138 0.9859 «0.975 The results of this conversion are 
12 1.09244 1.08642 1.08365 1.07202 1.0420 0.9997 Heke presented in Table 4, which shows 
14 1.10824 1.10166 1.09872 1.0137 ~—‘1.0051 
16 119419 1.11708. 211401) “1.07139 this resistivity (Rj), as a function’ 
18 1.14031 ‘1.0423 ‘1.0334 concentration C, and temperature t. It 
20 1.15663 1.14874 1.14533 1.13238 1.1017 1.0569 1.0479 also shows the corresponding ppm 
26 1.20709 (1.19824 ~=—1.19443.~Ss«(1.18045.~—«'1.1492~—S1.1024_~—=*1.0930 ever, were arrived at in a different 


manner, as will be discussed hereafter. 


*Interpolated between g,,° and g,,°. 
**().92085 xX 855°. 


#0.91301 x g,,°. SPECIFIC GRAVITY VS 

3 MOL CONCENTRATION 
Table 3—Concentration C, of Aqueous Sodium Chloride Solutions in Mil- We now have a relationship which 
ligram Mols per Liter of Solution as a Function of Sodium Chloride provides the electrical resistivity of a 
Concentration by Weight (ppm) and Temperature t. solution of a given weight of sodium 
= = chloride in a given volume of solution. 
aBab ns TEMPERATURE IN DEGREES FAHRENHEIT ¢ This volume of solution, however, de- 
eee pends in turn on the concentration of 


temperature, and it is therefore neces- 


10,000 172.364 172.059 171.786 170.200 165.115 159.623 157.038 sary first to establish the relationship 
20,000 347.336 ©—-346.570 345.978 342.724 332.558 321.503 316.300 ween concentration in parts per mil- 
40,000 705.136 703.014 «701.660 694.823 674.423 «652.121 641.560, 
60,000 1,073.482  1,069.460 —1,067.199 —_1,056.482 —_-1,025.902 991.966 975.901 
80,000 1.452.469 1,446.050 1,442.765 1,427.901 _1,387.032 1,341,192 1,319.470 temperatures. The required data for 
100,000 1.842.207 _1,832.989 1,828.554 1,809.290 1,758,084 1.699.972 1,672.441 hi si 
120,000 2'242'819 2230460 2224773 2'200.896 2'130.264 2.068508 2.035.008 Conversion were also obtained from 
140,000 2.654.466 2.638.711 2,631.664 2.602.969 2,530.538 2.447.025 2.407.304 the International Critical Tables.’ They 
160,000  3,077.338  3,057.875 3,049,471 3,015,775 2,932.558 2,835.620 _2,789.696 are reproduced in Table 2, which shows 
180,000 3,511.647 3,488.538 3,478.481 3,439. 3,345.629 3,234.914 3,182.523 
200000 3,957,673 3.930.676 3.919.008 3.874.696 3.769.718 3.644.808 3.585.778 “Pecific gravity g. or density in grams 
220,000 4.415.732 4,384.725  4,371.393  4,321.409 —4,205.029 —4,065.736 3.999.889 per cubic centimeter at various tem- 
240,000 4.886.182 4,851.05] 4,835.965 —4,780.040 4,652.588 4,498.033 4.425.185 
560,000. 5369434. 5.329.284 5,313.119 5,250,932 ,111.995' 4.942.008 4.862059 20% 
expressed as weight percent NaCl. The 


Table 4— Electrical Resistivity (Ry)+ of Aqueous Sodium Chloride Solutions in Ohm-meters for Various Tem- 
peratures ¢ as a Function of Sodium Chloride Concentration C, or as Parts per Million by Weight. 


: TEMPERATURE IN DEGREES FAHRENHEIT (t) 
per liter of Bo. 64.4° ie 1292 212° 284° 312.8° 
ppm Res. ppm Res. ppm Res. ppm Res. ppm Res. ppm Res. ppm Res. 
— 9.060) 187.00 29. 106]160.00 30. 282/56 .353 31.324/40.733 31.85 
BOR .24 | 47.479 116.42 | 40.64 117.51 | 25.826 121.13 | 14.347 125.30 }10.3 127 35 
8 9.831 582.12 | 8.430 587.54 | 5.388 605.64 | 2.985 26.4 ¢ 
2,900.8 3.361 2,906.0 2.0940 || 2,910.6 1,801 2,937.7 3,028.2 0.6458 = = 
4,061.2 2.434 = 4,074.8 1.310 4,112.8 0.8549 4,239.5 0.4711 = = 

OO 5,801.7 1.733, 5,812.0 1.08908) 5,821.2 0.9375 || 5,875.4 0.6119 6,056.4 | 0.3383 | 0.24783/16 367.9 | 0 23680 

0.8993 || 11,601 0.57123]| 11,620 0.4924 |] 11,727 0.3213 || 12,083 0.1737 — 

UO 28,533 0.3861 || 28,609 0.24765)| 28,661 0.2148 |] 28,934 0.1409 || 29,796 0.07288 — 

39,712 0. 2863 — = -- 41,455 0.05419 — = 
OOO tan 201,848 0 .07936)/203 ,054 0.05868) — 210,580 0.01519* = = = 
244,710 0.07519) <= = 246 , 876 0.04474) prises = = 


* Conductivity data were reported in I.C.T. for 122° F.; should be 212° P’. 
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Table 5— Electrical Resistivity (R.). in Ohm-meters and Ratio (Rw)s:/(Rw): of Aqueous Sodium Chloride 
Solutions for Various Temperatures t as a Function of Sodium Chloride Concentration as Parts 


per Million by Weight. 


Sodium Chloride 


TEMPERATURE IN DEGREES FAHRENHEIT 


Concentration 
(in ppm by weight) 32° 64.4° 17° 122° 212° 284° 312.8° 
60 (R2)5 147.0105 91.1872 78.1909 50.1520 28.6560 21.4719 19.6554 
1.61215 1.88015 2.93130 5.138018 6.84665 7.47939 
100 (RS) 88.8074. 55.0804. 47.2224 30.2861 17.3268 12.9807 11.8824 
Ve 1.61232 1.88062 2.93228 5.12544. 6.84150 7.47386 
300 CRE)F 30.1407 18.7255 16.0642 10.3099 5.9028 4.4425 4.0692 
(CRE). ik, 1.60961 1.87627 2.92347 5.10616 6.78462 7.40703 
1,000 (CRE) 9.3543 5.81792 4.9988 3.24205 1.84581 1.39497 1.2844 
ie 1.60784 1.87131 2.88530 5.06786 6.70574 7.28301 
3,000 3.25432 2.03200 1.75034 1.14824. 65155 49395 45834. 
th 1.60154. 1.85925 2.83418 4.99473 6.58836 7.10023 
6,000 1.67809 1.05717 -911432 .60004. 34124 25784 23948 
Che) ik 1.58734 1.84116 2.79663 4.91762 6.50826 7.00722 
10,000 (RoE 1.03366 656130 .06632 .208558 ae 
(R,,) 1.57539 1.82522 4.95622 
30,000 .36897 .23729 20548 .136328 .07243 
1.55493 1.79565 2.70649 5.09416 
100,000 -12881 .082789 .02577 
200,000 .07975 .01549 
Avg. 1.00000 1.59078 1.85013 2.84238 5.05393 6.67350 7.24940 
values for 64.4°F were obtained by sistivities (R,), at temperatures of log paper. That this assumption is a 


linear interpolation between the 50°F 
and 68°F values of the tables. The 
values for 284°F and 312.8°F above 
the boiling point of water were not 
available in the critical tables for salt 
solutions and were therefore estimated 
by respectively multiplying the specific 
gravities of salt solutions at 68°F with 
the ratio of 0.92084 between the specific 
gravity of water at 284°F and at 68°F 
and the ratio of 0.91301 for temper- 
atures of 312.8°F and 68°F.° From 
these data Table 3 was prepared, which 
shows concentration C, in milligram 
mols per liter of solution at temperature 
t as a function of weight concentration 
in ppm obtained from the relationship: 


(4) 


RESISTIVITY VS WEIGHT 
CONCENTRATION 


In order to obtain the desired rela- 
tionship between resistivity (R,), and 
weight concentration in ppm it was nec- 
essary to interpolate between the values 
of Table 3 to obtain the weight con- 
centration (ppm) for the C, values 
and temperatures of Tables 1 and 4. 
Combination of this interpolated (ppm) 
data with the resistivity (R,,), data for 
the same C, and ¢t values yielded a 
direct relationship between (R,,), and 
ppm for various temperatures ¢, as 
shown in Table 4, and depicted on the 
double logarithmic chart of Fig. 1. 

For a series of weight concentrations 
of 60, 100, 300, 1,000, 3,000, 6,000, 
10,000, 30,000, 100,000, and 200,000 


ppm the corresponding electrical re- 
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were then computed by direct inter- 
polation between the data of Table 4 
and Fig. 1 under the assumption that 
over limited intervals the relationship 
between (R,,), and ppm for a given 
temperature is a straight line on double 


reasonable one to make may be noted 
from a close inspection of Fig. 1. This 
interpolation led to the data in Table 5. 

In addition to the calculated resistiv- 
ities, we have also shown in this table 
the ratio (R,)»/(Ry)+ of the resistiv- 
ity of a salt solution of given con- 


2 
108 


1,000,000; 


100,000 


10,000 


10% 


1,000;— 


(mg OF NoCL PER Kg OF SOLUTION) 


10> 


SODIUM CHLORIDE CONCENTRATION AS PARTS PER MILLION BY WEIGHT 


1.0 
RESISTIVITY 


10 100 1000 


IN OHMS PER SQUARE METER PER METER 


FIG. 1 — ELECTRICAL RESISTIVITY OF SODIUM CHLORIDE SOLUTIONS VS CONCENTRATION 


IN PPM AND TEMPERATURE. 


PETROLEUM TRANSACTIONS, AIME 


329 


| 


8.0 
[| Range of ratios for different salinities at given lamperature 
O| Average Sd ratio for given temperature 
7.0 
6.0 
5.0 
4. Average Linear \Kelationship 
by ‘least Bqusres" 


022906 (¢+6.7707) 


3.0 
| | 
| | | 
| I | 
| | 
| 
2.0 
7 | | | 
| 
! 
1 | | 
44 77 122 | 312.8 
6 50 100 150 200 250 300 


= TEMPERATURE IN DEGREES FAHRENHEIT 


FIG. 2 — LINEAR RELATIONSHIP BETWEEN TEMPERATURE AND THE RATIO OF RESISTIVITY 
(R,,)go at 32° F AND RESISTIVITY (R,), AT t° F FOR SODIUM CHLORIDE SOLUTIONS. 


centration at 32°F to the resistivity of 
this same solution at a higher tem- 
perature. It will be noted that these 
ratios are reasonably constant for a 
given temperature throughout the en- 
tire salinity range studied. The aver- 
age ratios (corrected for the missing 
high salinity figures by the trends in 
and (Ry). are shown at the 
bottom of this table. 

These ratios were then plotted as 
ordinates on the chart of Fig. 2 against 
the temperature in degrees Fahrenheit 
as abcissa; the averages are shown as 
circles. 

From inspection of the chart of Fig. 2 
it will be observed that the ratios 
(Ry) very nearly seem to fol- 
low a linear pattern with respect to 
temperature. The equation of such a 
straight line relationship, as determined 
by the “method of least squares” and 
as shown on Fig. 2, is: 

(Rw) 

As a first approximation for the tem- 
perature correction factor this relation- 
ship will be quite satisfactory, although 
for subsurface temperatures below 150° 


= 022906 (t+ 6.77) . . (5) 
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F the calculated ratios will be slightly 
above the true values. In order to con- 
vert the electrical resistivity of a salt 
solution which is measured under sur- 
face conditions at a temperature t,°F to 
the resistivity of the same salt solution 
at a bore hole temperature of t.°F 
this simplified or first approximation 
relationship reduces to: 


6.07 


t, + 7 

For a quick resistivity correction this 
is a simple and handy formula. Its use- 
fulness may be illustrated with the fol- 
lowing example: 

Resistivity mud filtrate measured at 
the surface at a temperature of 64.4°F 
is .656 ohm-meters (R,,) 4. What is the 
resistivity of this same mud_ filtrate 
under bottom hole conditions at 122°F. 


With Equation 6: 


64.4 + 7 
(R,,) 56x 12247 
.363 ohm-meters. 


From inspection of Table 5, from 
which this example was taken, it may 
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be noted that the true resistivity at 


122°F (10,000 ppm) is .373 ohm- 
meters. 
NOMENCLATURE 
SP = static self potential in 


millivolts 
K = constant in SP relationship 
(ranges from 50 to 110 
with 70 as a good average 
value) 
Rust = electrical resistivity of mud 
filtrate in ohm-meters 


R,, = electrical resistivity of in- 
terstitial or connate water 
in ohm-meters 

log, = logarithm to the base 10 

= electrical conductivity, ex- 
pressed as 10° times the 
specific conductivity in 
ohm“*cm™* per unit of 
concentration in milli- 
gram mols per liter of 
solution 

k = specific conductivity in 

ohm*cm™* 

C,. = concentration in milligram 
mols per liter of solution 
at a temperature t 

t = temperature in degrees 
Fahrenheit 
(R,)+ = electrical resistivity of salt 
solution at temperature ¢ 
in ohm-meters 
s: = electrical resistivity of salt 
solution at 32° Fahren- 
heit in ohm-meters 
specific gravity or density 
in grams per cubic cen- 
timeter 
ppm = parts per million sodium 
chloride by weight 


58.45 = molecular weight of NaCl 
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THE STEADY-STATE FLOW OF GAS THROUGH GLASS CAPILLARY TUBES 


GEORGE C. WALLICK, MAGNOLIA PETROLEUM CO., DALLAS, TEX. 


ABSTRACT 


This paper describes experimental procedures for the cali- 
bration of capillary tubes to be employed as comparison 
standards in gas flow-rate measurements and considers several 
types of flow which were observed in the calibration of seven 
capillaries of varying diameter. It is shown that under certain 
experimental conditions deviations from Poiseuille flow are 
observed which may not be attributed to turbulence, and 
that this flow behavior may be described empirically by 
introducing the classical kinetic energy correction into the 
Poiseuille equation. 


INTRODUCTION 


Techniques have been developed for the measurement of the 
volume rate of flow of nitrogen through glass capillary tubes 
as a function both of the differential pressure applied and 
of the absolute gas pressure. Capillary tubes thus calibrated 
are frequently used to determine the rate of gas flow through 
a porous sample in the measurement of slip-corrected per- 
meability. The purpose of this note is to describe the calibra- 
tion procedure and to discuss some observed deviations from 
the ideal flow behavior predicted by the Poiseuille equation. 


EXPERIMENTAL PROCEDURE 


The volume flow rate of nitrogen as a function of the dif- 
ferential pressure was determined experimentally for a series 
of seven glass capillary tubes of varying diameter. As is shown 
in Table 1, the capillary radii in the series ranged from 0.004 
cm for K1 to 0.07 cm for K7. The capillary tubes were cut 
from capillary tubing purchased on special order from several 
manufacturers and the bore radii were determined by micro- 
scopic measurement. The gas volume flow rate was measured 
for each capillary tube at a series of differential pressures in 
the range from 0 to 3 cm of mercury and at average absolute 
pressures of 1.0, 2.5, 4.0, and 6.0 atm. 


Experimental Procedure for Small Capillaries 


A schematic diagram of the apparatus used to calibrate the 
three smallest capillaries, K1, K2, and K3, is shown in Fig. 1. 
By means of a standard Ruska Instrument Corp. volumetric 
pump (equipped with a synchronous motor drive, two stages 
of gear reduction, and a quick-change lathe gear box), nitro- 
gen was displaced by mercury from a metal cell immersed 
in a constant-temperature bath. The pump, the line to the 
cell, and a part of the cell were filled with mercury. As mercury 
was forced into the cell, it displaced nitrogen which passed 
through the capillary tube being calibrated and into a large 
container with a volume of approximately 30 liters. Since 
the volume of this container was very large compared to the 
total volume change of the gas resulting from the action of 
the displacement pump, the absolute pressure of the system 
was essentially constant throughout any one run. Prior to 
any determination this pressure could be set at any desired 


References given at end of paper. 
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level by means of an auxiliary nitrogen cylinder. The differen- 
tial pressure across the capillary was measured with a Meriam 
Red Oil manometer and recorded together with the correspond- 
ing pump displacement rate which was equal to the gas flow 
rate. By repeating this process for a series of different dis- 
placement rates at each of the absolute pressures of interest, 
the data necessary for plotting the calibration curves for 
capillaries Kl], K2, and K3 were obtained. All calibration 
measurements were made in a constant temperature room to 
minimize errors due to temperature fluctuations. In each run, 
the flow was maintained until equilibrium was established. 


Experimental Procedures for Large Capillaries 
The flow rates through Capillaries K4, K5, K6, and K7 


required to obtain the pressure drops desired were larger 
than could be obtained from available constant displacement 
pumps, and it was thus necessary to employ an alternative 
calibration procedure. The arrangement of apparatus used in 
calibrating these capillaries at an average pressure of one 
atmosphere is shown in Fig. 2. Each capillary was calibrated 
by flowing nitrogen through the capillary and recording the 
differential pressure as a function of the flow rate. ‘The differ- 
ential pressure was measured with a Meriam Red Oil mano- 
meter and the flow rate was determined by collecting the 
effluent gas over water at constant pressure and recording the 
increase in volume per unit time after an equilibrium had 
been established. Appropriate corrections were made for the 


TO AUXILIARY 
No CYLINDER 
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| | 30 LITER 
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FIG. 1—CALIBRATION APPARATUS FOR SMALL CAPILLARIES. 
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PUMP 
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No— 


FIG. 2— APPARATUS FOR THE CALIBRATION OF LARGE CAPILLARIES 
AT 1 ATM. 


vapor pressure of water and the water head. The water was 
saturated with nitrogen prior to each run to avoid error in 
the volumetric determinations resulting from solution of the 
effluent gas in the water. 


The larger capillaries were then calibrated at the higher 
absolute pressures, that is, 2.5, 4.0, and 6.0 atmospheres, 
using the method illustrated in Fig. 3. The capillary to be 
calibrated was connected in series with a precision needle 
valve and this, in turn, in series with the capillary of this 
group having the next largest bore. The gas pressure in the 
first capillary was then raised to the desired level by means 
of a nitrogen cylinder and the needle valve was adjusted 
until equilibrium was reached at the desired average pressure 
and differential pressure. The pressure at the exit of the com- 
parison capillary was maintained at one atmosphere and the 
volume flow rate through the capillary was determined from 
the differential pressure across the comparison capillary and 
the calibration curve previously determined for the comparison 
capillary at one atmosphere. The corresponding volume flow 
rate at the test pressure was then calculated from the ideal 
gas law. (No appreciable error was introduced by this calcula- 
tion since nitrogen is known to behave essentially as an ideal 
gas in the range of pressures used in this investigation.’) 


It must be emphasized that this calibration procedure re- 
quires that a true equilibrium be established before the data 
are recorded, and considerable care and patience must be 
exercised to insure that this condition exists. The method is 
feasible only if the flow rates are sufficiently high, for only 
under these conditions may an equilibrium condition be rec- 
ognized with certainty. An attempt to verify the method by 
recalibrationg capillary K3 using K4 as a comparison standard 
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Table 1— Physical Dimensions of Glass Capillary 
Tubes Investigated and Approximate Reynolds 
Numbers for Ap = 3 em of Hg 


Absolute Pressure Absolute Pressure 


1 Atm 4 Atm 
Capil- 

lary Radius Length  Veloicty Velocity 

No. (cm) (cm) (cm/sec) (cm/sec) 
Kl 0.0040 Tf 2.8 x 10° Wes) 28 6 
K2 0.0055 13.8 6.6 x 10’ 5 66 20 
K4 0.0153 16.5 4.2 x 10° 84 4.1 x 10° 315 
K5 0.0254 18.5 9.3 x 10° 1080 
K6 0.0381 13.0 2.4.x 10° 1100 1.64 x 10° 3150 
K7 0.0700 18.0 2.5 x 10° 2000 4230 


proved to be unsuccessful as a result of the very small flow 
rates involved and the consequent indeterminateness of the 
equilibrium condition. 


Since capillary K7 was the largest in the series it was 
necessary to modify the above described procedure still further 
by removing the comparison capillary and by collecting the 
effluent gas over water at a pressure of 1 atm. The flow rate 
at the test pressure was then calculated from the observed 
increase in trapped volume per unit time and the ideal gas 
law. 


EXPERIMENTAL RESULTS 


The Poiseuille equation for the laminar flow of an ideal 
gas through a circular conduit may be written in the form: 

1 

#Q ar OP (1) 

where Q is the volume rate of flow at the average pressure 
D = (pi + p.) /2, and Ap = p, — p. is the differential pressure 
(pressure drop across the capillary).* It is seen from Equa- 
tion 1 that a plot of «Q vs 4p should be a straight line and 
that, if the viscosity is independent of pressure, this line should 
be the same for all average pressures. The viscosity of nitro- 


*See Nomenclature list at end of paper. 
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FIG. 3 — APPARATUS FOR THE CALIBRATION OF LARGE CAPILLARIES 
AT PRESSURES GREATER THAN 1 ATM. 
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FIG. 4—EXPERIMENTAL CALIBRATION CURVES AT 1 
FOR CAPILLARY K5. 


AND 6 ATM 


gen is known to increase by less than one per cent as the 
pressure is increased from 1 to 6 atm at room temperature 
and is thus a constant within the limits of accuracy of the 
calibration measurements.” 


This straight Hne relationship was found to hold for the 
three smallest capillaries, K1, K2, and K3 with radii of 
0.0040 cm, 0.0055 cm, and 0.0180 cm, respectively. In each 
case the same straight line was obtained for each of the 
four average pressures investigated. For the remaining capil- 
laries of larger radii, the volume flow rate at a given differential 
pressure was found to be less than that predicted by the 
Poiseuille equation and to be a function of the absolute aver- 
age pressure, decreasing with increasing pressure. Typical 
experimental curves for capillary K5 (r = 0.0254 cm) are 
shown in Fig. 4 and Fig. 5. 

Similar curves were obtained for capillary K4 (r = 0.0153 
cm) but in this case, both the amount of deviation from a 
straight line and the change in flow rate with a change in 
average pressure were less than for K5. The effect was appre- 
ciable only for differential pressures greater than 1.6 cm of 
mercury. 

Deviations from the ideal straight line calibration were 
even greater for the two largest capillary tubes K6 and K7 
with radii of 0.0386 and 0.0700 cm, respectively. For average 
pressures greater than | atm, the calibration curves for these 
capillaries were observed to flatten out appreciably as the 
differential pressure was increased. 


INTERPRETATION OF EXPERIMENTAL 
RESULTS 


The Poiseuille equation for the flow of an ideal gas through 
a circular tube is valid only under certain idealized conditions. 
A number of complicating factors may give rise to deviations 
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FIG. 5 — EXPERIMENTAL AND CALCULATED CALIBRATION CURVES AT 
INTERMEDIATE PRESSURES FOR CAPILLARY KS. 


from the straight line relationship between “Q and Ap pre- 
dicted by this equation. 


Gas Slip and Turbulence 


If there is an effective slipping of the gas along the surface 
of the capillary tube, the resultant flow rate will be greater 
for a given value of Ap than that predicted by the Poiseuille 
equation — an effect opposite to that observed experimentally. 
For the flow conditions considered in this note, the gas slip 
correction would be always less than 1 per cent. 

If the flow velocity through the capillary is sufficiently high, 
the flow may no longer be laminar and additional energy 
will be required to maintain a constant flow rate. Such a 
flow is described as turbulent.and usually obtains for values 
of Reynolds number greater than 2,000. As a result of turbu- 
lence, the observed flow rate would be less than that pre- 
dicted from Equation ]—the type of deviation observed in 
the calibration of capillaries K4 through K7. The Reynolds 
numbers were calculated for each capillary from the observed 
flow rates at 1 and 4 atm corresponding to the maximum differ- 
ential pressure of 3 cm of mercury. The results of these calcula- 
tions are given in Table 1. 


It is evident from these results that the l-atm flow through 
capillaries K1 to K6 is a viscous flow for differential pressures 
as large as 3 cm of mercury. The ]-atm flow through K7 is 
either turbulent for Ap = 3 cm or is in a transition between 
viscous and turbulent flow. At 4 atm average pressure, the 
flow through capillaries K1 to K5 is viscous while the flow 
through capillaries K6 and K7 is turbulent. The flow through 
capillaries K1 to K5 is still viscous for average pressures 
as high as 6 atm with a maximum Reynolds number of 
1,500. Thus the deviations from ideal flow behavior observed 
fer capillaries K4 and K5 may not be attributed to turbulence. 
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Table 2— A Comparison of Calculated and Experi- 
mental Flow Rates Through Capillary K4 for 
an Average Pressure of 4.0 Atm 


nO (cp cucm/sec) 


AP Per Cent 
(cm Hg) Calculated Experimental Deviation 
1.6 0.00289 0.00288 0.35 
1.8 0.00324. 0.00324. 0.00 
2.0 0.003595 0.00360 0.17 
Dp) 0.003945 0.00394 0.13 
2.4 0.00429 0.00431 0.47 
2.6 0.00464 0.00467 0.64 
2.8 0.00498 0.00503 1.00 
3.0 0.005327 0.005375 91 


Similar deviations have been observed by Calhoun and Yuster’ 
who indicate that the non-ideal flow probably could be ex- 
plained on the basis of kinetic energy effects. 


The Kinetic Energy Effect 


As the gas enters the small capillary from a larger con- 
duit it must be accelerated in order to maintain the same mass 
rate of flow through both the capillary and the connecting 
tubing, and hence must gain in kinetic energy. This addi- 
tional energy must come from the total energy supplied to the 
system by maintaining a constant differential pressure across 
the capillary tube. If this additional energy requirement is 
taken into account, one obtains an idealized flow equation of 
the form 


In this equation, the quantity m is a constant characterizing 
the capillary tube under consideration. Bingham’ indicates 
that experimental values for m of from 0.8 to 1.9 have been 
observed and while it is probable that the value for m should 
be the same for all tubes with perfectly cylindrical bores, 
the value would be very sensitive to slight irregularities in 
the bore. Moreover, if a value for m is determined from 
experimental data without taking end effects into account, 
the resultant value will be influenced by these effects and 
will not be the same for all capillary tubes. 


The viscosity-flow rate product “Q given by Equation 2 
is less than that predicted by the Poiseuille equation and 
the magnitude of this difference will increase with increasing 
flow rates and/or with increased average pressure. Since the 
flow characteristics predicted by Equation 2 were qualitatively 
similar to those observed experimentally for capillaries K4 
and K5, calculations were made to determine whether or not 
the experimental data could be empirically represented by 
an equation of this form with reasonable values of r and m. 


= Ap— (2) 


Since the observed deviations were greater for capillary 
K5 than for capillary K4, the experimental data for K5 were 
selected for the initial calculations. By substituting experi- 
mental values for Q and Ap at 1 and 6 atm into Equation 2 
it was found that m = 1.6 + 0.2 and that r = 0.02533 + 
0.00002 cm. This calculated value for the radius compares 
very favorably with that of 0.0254 cm determined by micro- 
scopic measurement. Substituting the values of r and m thus 
obtained into Equation 2, the empirical fit was verified by 
recalculating values of »Q for representative points on the 
1- and 6-atm curves. The agreement between the experimental 
curves and the calculated points is shown in Fig. 4. For values 
of Ap 2 1.0 cm of mercury, the difference between the ob- 
served and calculated flow rates was less than 1 per cent of the 
observed value. 
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Using Equation 2 with empirical values for m and r de- 
termined from the experimental data at 1 and 6 atm, flow 
rates were then calculated for representative values of Ap 
at average absolute pressures of 2.5 and 4.0 atm. The good 
agreement between the calculated and experimental values is 
shown in Fig. 5. For Ap 2 1.0 cm of mercury the difference 
between the observed and calculated flow rates was again 
less than 1 per cent. 

A similar series of calculations was carried out for capillary 
K4. Since the change in flow rate with pressure was less for 
this capillary, the calculations were based upon the experi- 
mental flow rates for Ap 2 1.6 cm of mercury. From the curves 
for 1 and 6 atm it was determined that m = 2.1 = 0.5 and that 
r = 0.01553 + 0.00002 cm as compared to a value for r = 
0.0153 determined microscopically. Using these values for r 
and m, flow rates were calculated for an intermediate average 
pressure of 4.0 atm. A comparison of the calculated flow rates 
thus obtained with the corresponding experimental values is 
given in Table 2. The differences between the theoretical and 
measured flow rates are seen to be 1.0 per cent or less. 

On the basis of these results it is evident that Equation 2 
is of the correct functional form to represent the flow behavior 
for capillaries K4 and K5. The calculated values for the 
kinetic energy constant m of 1.6 = 0.2 and 2.1 = 0.5 lie 
essentially within the range of experimental values previously 
reported. The relatively large uncertainty in the calculated 
average m values is not reflected in the calculated flow rates, 
since these flow rates are insensitive to small changes in m. 
For example, the calculated flow rate was found to change 
by less than one per cent when the corresponding kinetic 
energy constant was changed by 12 per cent. 
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NOMENCLATURE 


L = Capillary length (cm) 
m = Kinetic energy constant 
Nre = Reynolds number 
p, = Pressure at high pressure end of capillary 
(dynes/sq cm) 
Pp. = Pressure at low pressure end of capillary 
(dynes/sq cm) 
p = Average pressure = (p, + p,) /2 (dynes/sq em 
unless otherwise indicated) 
Ap = Differential pressure = p,—p, (dynes/sq em 
unless otherwise indicated) 
Q = Volume flow rate at pressure D (cu cm/sec ) 
r = Capillary bore radius (cm) 
# = Viscosity (poise, unless otherwise indicated ) 
p = Average density (grams/cu cm) 
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COMPUTATION OF A LINEAR FLOOD BY THE STABILIZED ZONE METHOD 
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INTRODUCTION 


The purpose of this paper is to present the results obtained 
by solving the fractional flow’ and frontal advance’ equations 
to obtain oil recovery at water breakthrough as a function of 
the length of the system being flooded, the linear velocity 
of injection and the displacing phase viscosity. The method 
of solution makes use of the stabilized zone concept first 
presented by Terwilliger, et al.* when calculating saturation 
distributions in a gravity drainage system. In order to 
check the calculated results, the equations and method of 
solution were applied to the system on which Rapoport and 
Leas’ reported experimental data. 


METHOD OF SOLUTION 


The solution of the fractional flow equation 


kk,, A dPc 


and the frontal advance equation 
dx ofw 
dt ~A \ 


is obtained by assuming that a water front forms to sweep 
the oil out ahead of it. There is ample evidence that under 
the proper conditions a water front does form. If this water 
front is not to dissipate, the water saturations which com- 
prise it must have equal linear velocities. These water satura- 
tions are said to comprise the stabilized zone. Equation (2) 
indicates that for all these saturations 
ofw 


oSw 


and hence fw must plot as a straight line against saturation 
for those water saturations comprising the stabilized zone. 


The water saturations lying between the highest in the 
stabilized zone and the highest that can be achieved in the 
porous medium comprise the variable zone. Regardless of 
the numerical value of the length of the system, the variable 
zone must eventually span all of it, so that for long enough 
systems 0Sw/éx in Equation (1) will be small enough to be 
neglected. Hence, for the saturations in the variable zone 
Equation (1) can be simplified to 
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In order to determine the composite fw function applicable 
to the entire range of saturations in the porous medium, it is 
necessary to find the water saturation which separates the 
stabilized zone from the variable zone. This dividing saturation 
must be on the curve defined by Equation (4), and a tangent 
curve at that point must pass through the initial water satura- 
tion to satisfy Equation (3). Hence, the valid fw curve is 
given by a straight line starting at the initial water saturation, 
tangent to the curve of Equation (4); and along thé curve 
of Equation (4) from the point of tangency on. The point 
of tangency determines the water saturation dividing the zones. 


The length and shape of the stabilized zone can be found 
by solving Equation (1) for dx/dSw. Integrating this expres- 
sion numerically between any two saturations in the stabilized 
zone gives the distance separating these two saturations. By 
repeated integration, the saturation distribution of the sta- 
bilized zone can be determined. The total length of the 
stabilized zone is given by 


Swp dPc 


| 
( To hy ) 
Sw, kes Ko 


The integral appearing in Equation (5) is a function of 
the viscosity ratio, the capillary properties of the rock-Auid 
system, the relative permeabilities, and the initial water 
saturation. Considering these variables fixed and designating 
the value of the integral by ¥%,, writing cu, for u, and v/60 
for q./A; Equation (5) becomes 


ky, 


y 


dSw . (5) 


The saturation distribution of the stabilized zone can be 
integrated over its length and divided by the length to obtain 
the average water saturation Swaveg. The volume of water 
in the stabilized zone is then given by ¢4AXtSwaves. 

The average water saturation in the variable zone can be 
found by extending the straight line segment of fw vs Sw 
(the segment joining Sw, and Swp) until it intersects fw = 
1.00. The saturation at the intersection is Swavgy. This method 
of finding Swavey is nothing more than the graphical solu- 
tion of the equation 


1—fw 


Sones: = 


Swy 


The volume of water in the variable zone at breakthrough 
is then given by ¢A4 (L — Xt) Swavey. 

Assuming no initial water saturation, the recovery at 
breakthrough expressed as percent pore volume is given by 
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24 


0.4 


O 4 6 8 LO 


So 


FIG. 1— CAPILLARY PRESSURE CURVE. CORE A (AFTER RAPOPORT 
AND LEAS). 


Ree. = 
Substituting Equation (6) and simplifying 
ky, 
Rec. (Swavey SwWaves ) (8) 
cLupy, 


Equation (8) is applicable only when X, is smaller than 
or equal to L, that is, when 
AG: 


= < 


When X, is larger than or equal to L, the recovery at break- 
through will be equal to the average saturation in the part 
of the stabflized zone lying between X, and (X,.—L). If the 
distance scale in the stabilized zone is expressed as a frac- 
tion of X,, then this average saturation is that between 


1.0 and (1—L/X,) 


Rec. = Staves (irom to 1.00) 


x 
when > 1.00 


that is, 
Rec. = Swavey | from TEE to 1.00 (9) 
60k, 
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The method of solution is applicable only when the sta- 
bilized zone has attained its equilibrium or “stable” distri- 
bution. Since it seems necessary that the saturations exist 
within the porous medium for a finite length of time before 
the stabilized zone does in fact “stabilize,” most likely the 
solution presented here is valid only as long as the stabilized 
zone is longer than the system. The solution for cases where 
the length of the stabilized zone is of the same order of mag- 
nitude as the length of the system, or smaller, applies then 
to a hypothetical system in which no inlet discontinuity exists 
so that the stabilized zone enters the porous medium in 
equilibrium. 


APPLICATION TO RAPOPORT 
AND LEAS DATA 


Since the paper presented by Rapoport and Leas did not 
include relative permeability curves, it was necessary to 
calculate them from the capillary pressure curve which was 
given. In Fig. 1 the capillary pressure curve for their Dri- 
Filmed Core A is shown. The relative permeability curves were 
calculated by means of a technique which has been used 
successfully by A. T. Corey’ of the Gulf Research and 
Development Co., Pittsburgh. The equation proposed by Wyllie 
and Spangler® and the tortuosity coefficient used by Burdine" 
are combined to yield the following equations: 


Su 1.0 
dSw dSw 
Pe’ JRE 

Sw 

1.0 ro = Xe 1.0 
dSw dSw 
Be: Pes 

0 


The relative permeability curves obtained are shown in 
Fig. 2. Using Fig. 1 and 2, a composite fw function was 
determined from Equations (3) and (4) as explained and 
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FIG. 2—CALCULATION OF RELATIVE PERMEABILITY CURVE. 
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FIG. 3 — COMPOSITE FRACTIONAL FLOW CURVE. 


is plotted in Fig. 3. In Fig. 4 the quantity under the integral 
of Equation (5) has been plotted vs saturation. In Fig. 5 
the areas under the curve of Fig. 4 up to a given saturation 
has been plotted vs that saturation. The second scale in 
Fig. 5 is a fractional scale to be used in evaluating Equa- 
tion (9). 

The recoveries were calculated for different values of 
Lvu,, using Equations (8) and (9). They are plotted in 
Fig. 6. The dashed curve in the Fig. 6 is the experimental 
curve obtained by Rapoport and Leas for the dri-filmed cores 
to which the basic data apply. 


CONCLUSIONS 


The deviation of the calculated values from the experi- 
mental results is due largely to the use of steady state 
relative permeabilities and static capillary pressures. It can 
be shown that steady state relative permeabilities cannot 
always be applied to a dynamic system. This is certainly 
the case when the initial water saturation is zero. Assuming 
that the value of the Luu, coefficient is such that a stabilized 
flood is obtained, integration of Equation (2) yields 


dfw 
oA BT 


The recovery is then given by 


1 


oSw 
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But the recovery for no initial water also equals the average 
water saturation at breakthrough, so that 


SwWavsy = : (10) 
Br 
But from Equation (7) 
= Sw (11) 
Sw, 


From Equation (10) and (11), fw is zero when Sw, is zero. 
Due to the linear relationship of fw with Sw in the stabilized 
zone, fw cannot be zero at water saturations higher than zero. 
Since fw is zero in the general case being considered only 
when the relative permeability to water is zero, k,. is zero 
only when Sw is zero, which is certainly not the case under 
steady-state conditions. Had dynamic relative permeabilities 
been available, then the average saturation in the stabilized 
zone would have been lower (see Fig. 5) and a better fit of cal- 
culated to measured values might have been obtained. 


The presentation of the displacement process from the 
point of view sustained in this paper has some advantages 
over the equations presented by Rapoport and Leas. The 
solution obtained affords a method of estimating the critical 
value of Lvu, with no other information than a capillary 
pressure curve. 

The stabilized zone method presents the effect of the 
Lv, coefficient in a manner that is easily visualized. The 
saturation distribution consists of a zone of almost constant 
water saturation which stretches across the system. At the 
front of this zone there is a segment that has constant con- 
figuration but a length which varies inversely as v and py. 
The average water saturation in this segment is lower than 
in the variable zone so that the condition for maximum re- 
covery is that the ratio of its length to the length of the 
system be as small as possible. 

It is apparent that when the linear velocity varies it is 
only the velocity at the outlet at breakthrough that will 
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FIG. 4— CALCULATION OF THE STABILIZED ZONE, 


337 


8 ae 
[+o 


determine the displacement efficiency. The magnitude of the 
velocities before breakthrough do not affect the recovery. 

It was mentioned that Wt is a function of the viscosity 
ratio, the capillary properties of the rock-fluid system and 
the initial water saturation. This greatly reduces the use of 
Luu, as a scaling coefficient, in as much as the capillary 
property restriction alone fixes the interfacial tension, contact 
angle, permeability, porosity and pore size distribution of 
the systems to which a single vu, correlation can be applied. 
The coefficient can be generalized by substituting Leverett’s’ 
Jw function for the capillary pressure term in Equation (5). 


Jw «cos 


Vk/o 
Sw; ‘rw Ho 
This leads to the coefficient 
« cos 


which can be used to correlate systems having the same 
viscosity ratio, initial water saturation and pore size distribu- 
tien. This generalized coefficient is equivalent to that sug- 
gested by Rapoport and Leas. 


NOMENCLATURE 


fraction of water flowing at any point 
permeability (darcys) 

k, = relative permeability 

A = cross-sectional area of flow (cm*)} 

= porosity 

x = length in direction of flow (cm) 

= viscosity (cp) 

g: = total flow rate (cc/sec) 
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k 
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FIG. 5— DISTRIBUTION OF THE STABILIZED ZONE. 
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FIG. 6— CALCULATED AND EXPERIMENTAL RELATION BETWEEN LVu,, 
AND RECOVERY. 


Sw = fractional water saturation 

Pc = pressure difference between oil and water (atm.) 
t = time in seconds 

X. = length of stabilized zone (cm) 


Sw 


dPc | 
(Sw) | dSw 
Sw; 


W, = (same as above but changing upper limit to Swp) 
v = linear velocity (cm/min.) 
X = tortuosity 

Leverett’s Jw function 

interfacial tension 

viscosity ratio ) 

contact angle 

refers to oil 

refers to water 

refers to initial 

prefers to dividing (Sw,) 

refers to breakthrough 

S_ refers to stabilized (zone) 

refers to variable (zone) 
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CALCULATIONS OF UNSTEADY-STATE GAS FLOW THROUGH POROUS 
MEDIA, CORRECTED FOR KLINKENBERG EFFECT 


R. E, COLLINS, ASSOCIATE RESEARCH TECHNOLOGIST,AND PAUL B. CRAWFORD, ASSISTANT DIRECTOR A&M 
DIVISION, TEXAS PETROLEUM RESEARCH COMMITTEE, COLLEGE STATION, TEX. 


ABSTRACT 


Mathematical equations have been derived to show ihe 
effect of the slippage phenomenon (Klinkenberg effect) on 
unsteady-state gas flow through porous media. The assumption 
is made that the slippage may be represented by an equation 


of the-type k=k «(1 a It is pointed out that most 


of the existing data on unsteady gas flow may be corrected 
for slippage by a simple change in definition of the dimen- 
sionless groups. 


INTRODUCTION 


Several solutions to the various problems associated with 
the unsteady-state flow of gas through porous media have 
been recently presented in the literature."** The cited publi- 
cations have presented solutions for flow under ideal condi- 
tions. The principal assumptions involved include: (a) the 
density of the gas obeys the perfect gas law; (b) the viscosity 
of the gas is constant; and (c) the gas permeability is 
constant. 

Few, if any, actual gases under reservoir conditions are 
believed to conform with the above, but the ideal solutions 
do provide the basis for making improved estimates on the 
performance of gas reservoirs. The purpose of this paper 
is to show the performance characteristics when assumption 
(c) is corrected for the slippage phenomenon or the Klinken- 
berg effect.” This is believed to be a step nearer to reality. 


MATHEMATICAL DEVELOPMENT 


Case 1. Gas Flow — Ideal Conditions 


The equations describing the flow of gas under ideal con- 
ditions have been clearly presented in the cited literature; 
however, for completeness of this work they are repeated 
here. 

The basic differential equation describing the flow of gas 
is Equation (6). It may be derived as follows: 

The continuity equation, 


the perfect gas law 


lds 
Y= RT (2) 
and Darcy’s law 
are combined to give: 
k op 
Pp p) (4) 
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or 


k \ 


If — is constant, Equation (5) is rewritten to form the 

basic Equation (6). 


2up (6) 


Wie 2 = 
or for the linear case 
2up 


op 
Ox? (7) 


A dimensionless equation is obtained by dividing through 
by (p,)* and making the substitutions shown below: 


(8) 
Pi 
x 
(9° 
(9! 
and 
pik 
up 
The resulting equation is 
Or oP 


A similar procedure for the radial case leads to the follow- 
ing equations: 


or 
where 
X= — (14) 
Ty 
and 
kp,® 
Query 


Equations (11), (12), and (13) are those used by Bruce, 
et al., and Jenkins and Aronofsky for their computational work. 
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Case 2. Gas Flow — Corrected for 
Klinkenberg Effect 


Klinkenberg observed that under viscous flow conditions 
the permeability of porous media to gas as calculated by 
Darcy’s equation was not constant, but depended on the 
average gas pressure. The variation in permeability with 
pressure has been attributed to slippage. Correlations have 
been presented showing that the permeability and pressure 
may be satisfactorily related by Equation (16).’ 


b 


If the above is substituted into Equation (3) it becomes 


=> k b 
Pp 


(16) 


(17) 


Substitution of Equations (17) and (2) in Equation (1) 
gives 


(18) 


Since 6 is constant, derivatives of p + 6 are equal to 
derivatives of p; then equation (18) becomes: 


(19) 
where » is assumed constant. 
For the linear case Equation (19) becomes 
b)? 


For the case of slippage, the dimensionless equation is ob- 
tained by dividing through by (p, + 6)* and making the 
following substitutions: 


Wh . . . . . . . (9) 
2u¢ L’ 
Under such conditions Equation (20) becomes: 
A similar procedure for the radial case leads to 
Dice b ae il b 
or’ if or 
b 
(24 
(pi + 5) 00 
or 
0(P")’* Ik oP’ 
(25) 
OX, XA GOK 00". 
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= thin 
R? 


DISCUSSION 


The dimensionless equations shown here for the case when 
the Klinkenberg effect is taken into account, Equations (23), 
(24), and (25), are identical in form to the dimensionless 
equations used by Bruce, et al., and Jenkins and Aronofsky 
for their calculations of gas flow under more ideal conditions, 
Equations (11), (12), and (13). Hence most of the published 
work may be corrected for the Klinkenberg effect by a simple 
change in definition of terms. The dimensionless pressure 
term should be that defined by Equation (21), and the 
dimensionless time term should be that defined by Equation 
(22). Everything else remains the same. 


(26) 
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SYMBOLS 
y = fluid density 


V = volume flux density 

¢ = porosity fraction 

8 = time 

p = pressure 

R = gas constant 

T = absolute temperature 

= permeability 

“4 = viscosity 
p, = characteristic pressure (initial pressure) 

L = characteristic length 

b = Klinkenberg constant 
k, = permeability at pressure p 

k = permeability at p 

P = dimensionless pressure defined by Equation (8) 
P* = dimensionless pressure defined by Equation (21) 
6 = dimensionless time defined by Equation (10) 

r = dimensionless time defined by Equation (15) 


6' = dimensionless time defined by Equation (22) 
Or’ = dimensionless time defined by Equation (26) 
X = dimensionless length defined by Equation (9) 
X, = dimensionless length defined by Equation (14) 
x = length 
r = radius 


r, = outer boundary of reservoir 
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